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SYNOPSIS 
The thesis reports an experimental investigation concerned with the optimisation of 
mechanical properties in investment cast LM25 aluminium alloy. The effects of melt 
hydrogen content, filter usage, grain refinement, eutectic silicon modification, heat 
treatment, pouring and shell preheat temperatures on the structure and tensile properties of 
LM25 investment cast tensile test specimens were studied. Four series of experiments were 
conducted to assess the effects of the parameters studied on the structure and tensile 
properties. 
The first series established the effect of melt hydrogen content, pouring temperature and 
shell preheat temperature on the casting porosity, pore morphology and tensile properties. 
The second series investigated the effect of using a ceramic foam filter on the tensile 
properties. Pouring temperature and shell preheat temperature were variable parameters in 
this part of the investigation. The objective of the third series of experiments was to 
investigate the effect of grain refinement and eutectic silicon modification on the structure 
and tensile properties. The interaction of these melt treatments with shell preheat 
temperature and filtration was also studied. In the final series of experiments the effect of 
heat treatment cycles on the samples produced in the third series of experiments was 
evaluated in terms of structure and tensile properties. 
The principal findings of the research were that: shell preheat temperature and hydrogen 
content are the most important process variables detennining the total porosity content; 
shell temperature affects the structure and, hence, the tensile properties; grain refinement is 
enhanced as the titanium content increases to about 0.28% but the tensile properties remain 
unaffected; a modified eutectic Si structure is achieved with 0.01 - 0.02% Sr with optimum 
Sr addition, based on tensile properties, being 0.01%; and, as would be expected, heat 
treatment improves the tensile properties of investment cast LM25. On the basis of the 
inter-relationships between process variables, structural changes and tensile properties 
observed, an optimum processing route was proposed. Grain refined and modified 
specimens produced with low hydrogen content and ambient shell temperature had 
optimum tensile properties when fully heat treated to produce eutectic Si transformation. 
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CHAPTER! 
INTRODUCTION 
1.1 INTRODUCTION 
Investment casting is the most ancient of metal casting processes - and at the same time, 
also the most modem. Steady developments throughout this century have brought 
investment casting technology, involving a range of materials and processing techniques, to 
an important position in the engineering industry world-wide (1). Investment cast 
components are today found in ever increasing numbers for both general and specialised 
applications, ranging from domestic consumer products, business machinery and chemical 
processing equipment to automobiles, armaments and aerospace. 
One of the most important reasons for the growth of investment cast components is the 
process' ability to produce the accuracy and surface finish of the diecasting process at a 
fraction of the latter's tooling costs (2). In addition, there are no restrictions in the selection 
of materials and the designer is given virtually complete freedom in the execution of his 
ideas. The process is unique in the spectrum of "casting techniques" through its ability to 
produce an as-cast component possessing a very high degree of dimensional accuracy and 
surface finish, combined with a virtually unlimited freedom of design (3). It also possesses 
an outstanding fidelity of reproduction. 
In a survey conducted by the American Foundrymen's Society (AFS) Investment Casting 
Committee (4), it was found that investment castings most often replace components that 
were substantially machined or ground. Sand castings, weldments and forgings are often 
replaced by "near net shape" investment castings. The other replacement candidates are 
powder metal parts, and castings produced by the permanent or semi-permanent mould and 
die casting processes. 
The demand for the growing capability of investment castings has increased in the light of 
the following (4): 
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(i) Metal shapes have become more complex while economic considerations 
continue to press more strongly for components to be produced to "near net 
shape"; 
(ii) The use of more sophisticated materials and the need for greater metallurgical 
integrity and strength, particularly with reduced component weight. 
The advantages of aluminium alloy investment castings are becoming generally known 
among designers and engineers so there is a growth in the use of such castings. Despite the 
variety of manufacturing and other foundry processes available for producing aluminium 
components, aluminium alloy investment casting continues to be a major growth market 
(1). The process' reputation for providing precision parts with excellent internal integrity 
has ensured continued demand for investment castings. In addition, the industry's adoption 
of rapid prototyping techniques has shortened lead times that once frightened away 
prospective customers (5). 
1.2 ADVANTAGES OF THE INVESTMENT CASTING PROCESS 
Techniques of precision casting have been applied to meet requirements of complexity and 
accuracy which would not have been possible using conventional methods. Precision 
casting processes have been applied to augment and widen the scope of the foundry 
industry in general, to enter new fields, and to retain work which could be lost to other new 
methods of metal forming, such as electro-chemical machining, precision forgings, 
electron-beam welding, electro-forming, etc. (6). Various precision casting processes are 
described by Clegg (7), which include precision sand casting processes, the plaster mould 
casting process, ceramic mould casting processes, and die casting processes. 
The investment casting process is designated as a ceramic mould casting process. Of all 
precision casting processes, investment casting offers the highest degree of freedom in 
design complexity combined with many of the other attributes required by a net-shape 
forming technique (8). The many advantages of the investment casting process are 
summarised as follows (2,9): 
2 
(i) Complex parts can be cast with relative ease. Both external and internal 
complexity of design can be achieved. Complete design flexibility means that 
the designer can often produce a single component instead of having to 
consider separate components for subsequent assembly. This feature naturally 
reduces production costs, and problems concerned with the supply and 
storage of various parts and their co-ordination for final assembly. 
(ii) Complete freedom of alloy selection. The designer has a free hand to choose 
the metal he considers best for the job. Metals with melting points beyond the 
limitations of die casting can be cast. 
(iii) Close dimensional tolerances can be achieved in the as-cast condition. 
(iv) Smooth as-cast surfaces can be realised. 
(v) Availability of inexpensive prototype and temporary tooling for production of 
experimental designs. This capability is not found in die casting, powder 
metallurgy, or forgings. 
(vi) Process reliability and the ability to consistently produce parts to high 
standards. 
(vii) Wide range of applications in sizes from a few grams to more than 250 kg. 
Intricate shapes can be produced, with weights from as little as 2 g to 14 kg 
and more. There is no theoretical limit to the upper weight of castings, other 
than that dictated by difficulties in handling the moulds. 
(viii) A proven near-net-shape process that provides cost-effective parts through 
material conservation and decreased machining. This is an important 
consideration where machining is likely to be costly or difficult, as in the case 
of certain alloys. In addition, elimination of many complex machining 
operations means that plant or floor space can be used for other purposes. 
Increased productivity naturally follows. 
1.3 INVESTMENT CASTING OF ALUMINIUM ALLOYS 
The foundry industry is faced with the task of meeting the growing demands of customers 
in an environment of increasing competition between engineering materials and 
manufacturing processes. Typical customer demands include the following: 
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• Weight reduction; 
• Competitive pricing; 
• Higher quality (including dimensional control, casting soundness and mechanical 
properties); 
• Single parts (increasing part complexity); 
• Near-net shapes; 
• Fast delivery; and 
• Ease of recyclability (environmental demands). 
Undoubtedly, there is a growing demand for 'better quality castings at lower costs". 
Casting, as a manufacturing technology, offers many advantages: recycling, geometrical 
freedom, low weight, etc. However, major improvements are needed in quality and there is 
a need to decrease costs. The designer is not concerned with the best casting he can get; 
rather, he wishes to optimise quality and cost (l0). The triple concept of strength plus 
consistency plus value has long been recognised in the aluminium industry. 
Product consistency has the highest emphasis in the casting industry because the 
consistency of product quality has a direct influence on quality assurance. The attainment 
of quality assurance in manufactured goods has become an index indicative of an industry's 
competitive edge on a global level (11). 
A recent Foundry 2000 report identified the light metals sector as virtually the only growth 
area for castings in future (12). Aluminium alloy investment castings have already 
experienced an unprecedented growth in demand. This could be attributed to their ability to 
meet most of the typical customer demands. Aluminium alloys have traditionally been used 
to reduce weight of components and structures (13). There is now a customer requirement 
for a range of aluminium alloys, especially those of high strength. The strength-to-weight 
ratio of aluminium alloys becomes especially important in transportation and related 
applications. The metal's intrinsic light weight is equated to improved fuel economy as 
newer generation cars use more aluminium in both power train components and in car body 
structure. Improved fuel economy means less exhaust pollution, which is in line with ever 
increasing environmental demands. The ultimate zero emission, which means electric 
vehicles, would entail an all light metal vehicle for low power requirements and hence 
reduced motor sizes. 
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Investment casting has established itself as capable of delivering reliable quality products 
through its long service to the quality sensitive aerospace market. The materials used in this 
case have been mainly superalloys. The success of the investment casting process to 
produce high quality castings is based on appropriate control of many process parameters 
(14). However, the need for information regarding the effects of various process parameters 
on the properties of investment cast aluminium alloys became evident during the work co-
ordinated by the British Investment Casting Trade Association (BICTA) (15). The 
Association recommended the urgent need for a comprehensive study relating the effects of 
parameters such as pouring temperature, shell temperature, grain refinement, silicon 
modification, and heat treatment, on the properties of conventional investment cast 
aluminium alloys. 
1.4 CAST METAL QUALITY 
Cast metal quality is considered to be indicated by some function of mechanical properties 
which, in turn, are determined by the internal, microstructural character of the casting. The 
most fundamental approach to reconcile cast metal quality with expected mechanical 
properties is to apply an arbitrary casting factor to each cast product (16). This factor is 
deemed necessary to compensate for the presence of casting defects, which are considered 
to be present in varying degrees, in all cast components. The main casting defects of 
concern are porosity and non-metallic inclusions. Casting factors of 1.5 - 2.5 are not 
unusual and indicate the relatively low loads that are to be allowed on the cast metal 
component in comparison with the loads that could be tolerated on the same product if it 
were used in the wrought condition (16). This indicates the lack of confidence designers 
have in castings. Considerable work has been carried out, and is still a major research area, 
to improve cast product quality and reliability. The optimisation of process parameters can 
be used to produce a casting with properties comparable to those of traditional forged 
components (17), and in which the designer can have complete confidence. 
One of the greatest obstacles to further improvement of cast metal products is the lack of 
knowledge of absolute properties that are attainable with the cast material (16). Small 
improvements in mechanical properties have been obtained slowly over the years by 
changes in casting practice and by progressively higher purity charge metals. The 
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quantitative establishment of the influence of casting defects on mechanical properties 
brought about an awareness of the real value of removing defects from castings. This led to 
an increased drive to improve the quality of the internal structure of castings and so to 
benefit from better metallurgical control. However, this particular aspect of quality control 
and quality improvement is but one requirement of engineering castings. The successful 
utilisation of a cast product requires that all the following criteria be met (16): 
(i) Net shape or near-net-shape; 
(ii) Fitness for purpose; 
(iii) Smallest achievable casting factor; 
(iv) Economically competitive process. 
The first item, referring to casting to net shape or near-net-shape, is virtually a 
manufacturing reality which is already currently achievable with processes such as 
investment casting, squeeze casting, and high pressure die casting. The last criterion, that 
of cost, is achievable in most investment castings. Achievement of the remaining two 
requirements, fitness of purpose and smallest achievable casting factor, is in essence the 
improvement of mechanical properties. According to Chadwick (16), this would entail the 
pursuit of what he termed 'absolute quality'. In the limit of absolute quality, the following 
microstructural parameters would need to be under full operational control: 
(i) Perfectly to shape; 
(ii) No porosity; 
(iii) No inclusions; 
(iv) Totally homogeneous; 
(v) Controlled grain size. 
Examination of the requirements listed above indicates that several of the absolute quality 
parameters are already currently achievable, not necessarily in investment casting. These 
include the zero porosity castings which can be produced by squeeze casting, and 
elimination of non-metallic inclusions by using more advanced melting techniques, such as 
electron beam remelting, electroslag refining and casting under a controlled atmosphere, 
e.g., vacuum or inert gas. 
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Investment casting, as already stated, can achieve the first requirement of absolute quality, 
which refers to casting to perfect shape. Procedures of process control to achieve the rest of 
the absolute quality requirements, which have to do with property improvement and 
reliability, are yet to be established. It is the need to achieve this which formed the basis of 
the present work. The main objective was to optimise mechanical properties of a selected 
investment cast aluminium-silicon alloy through the control of the casting process. The 
quality of an aluminium-silicon casting is affected by several microstructural features 
including level of silicon modification, non-metallic inclusions, undesirable intermetallic 
phases, microporosity and grain refinement (18). 
1.5 IMPROVEMENT OF MECHANICAL PROPERTIES 
The metallurgical quality of castings is most apparent in their measured mechanical 
properties. Much of the variability in the mechanical performance of castings can be related 
to the occurrence of various defects such as unwanted inclusions, porosity, or segregated 
impurities. Castings containing either porosity or non-metallic inclusions have long been 
known to possess poorer properties than the fully sound material. The properties required 
by the designer are heavily dependent on both the soundness and microstructure of the 
original casting, even in those alloys in which the structure can be modified by subsequent 
heat treatment (19). To optimise the mechanical properties of a casting it is, therefore, 
important to achieve soundness and control the as-cast microstructure. In addition, marked 
strength improvements are possible if a full heat treatment can be given to the casting, but 
this is only possible if microstructural control at the casting stage is fully achieved (16). 
Although structure control is primarily of interest for its effect upon properties of the alloy, 
this aspect cannot in practice be wholly divorced from the task of producing a sound 
casting. Thus grain refinement or columnar growth, for example, may be sought for the 
suppression of hot tears or for benefits to be derived in feeding (20). Therefore, both 
aspects of structure control, improving properties and achieving soundness, must be 
considered when assessing the most appropriate structure. This partial interdependence of 
structure and soundness also means that the structure sensitivity of properties varies both 
with alloy and with solidification conditions (20). 
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Since the microstructure detennines the casting properties, what the foundryman has to 
accomplish may be focused at the point of the casting's microstructure (21). The sequence 
process.microstructure·properties 
indicates the foundryman's task in improving properties. A knowledge and understanding 
of this relationship is important in the optimisation of the properties. The "process" is the 
driving force of the sequence and , in practice, quality assurance is implemented by 
controlling every processing step. The process can be broken down into three broad areas: 
pre-casting, casting, and post-casting. The procedures under pre-casting are generally the 
same in all casting techniques, while casting is technique dependent and post-casting 
procedures depend on the results of the casting process. 
1.5.1 Pre·Casting Process 
Pre-casting processing deals with the control of aspects of melt condition, which include its 
constitution, superheat, pouring temperature, cleanliness and pouring operation. The 
important influence of melt condition is, probably, more recognisable through its 
constitution aspect. The response of an alloy to the conditions imposed in founding is 
detennined partly by its constitution, especially as this affects its mode of freezing, whilst 
in some cases the microstructure itself bears on the problems of manufacture (19). 
Alloy composition has a profound influence on melt fluidity and solidification 
characteristics of the alloy, which in turn detennine the nature of the structure and 
problems of feeding. Melt condition influences subsequent mechanisms and accounts for 
the sensitivity of microstructure to small changes in melt composition. Practical controls on 
structure using these effects is achieved by treating the melt with relatively small additions, 
for grain refinement or modification, and manipulation of melt superheat. 
Grain refinement is used to induce nucleation. Crystallisation of an alloy melt involves the 
separate stages of nucleation and growth, the locations and relative rates of which affect 
both general progress of freezing and the nature of the as-solidified structure. Nucleation is 
the initial step and it is generally accepted that heterogeneous nucleation on foreign 
substrates is the normal occurrence in commercial castings. In grain refinement treatments, 
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nucleants or inoculants are added to the melt to induce heterogeneous nucleation. The basic . 
requirement for heterogeneous nucleation lies in the ability of the liquid metal to wet the 
foreign particle. The nucleant must be capable of survival in superheated liquid and must 
be in a sufficiently fine state of division to remain as a widely dispersed suspension. The 
identities of some nuclei found to be effective in particular alloys have been established 
through extensive investigations, although many other indigenous nucleants remain to be 
identified (19). 
Whilst refining treatments are designed primarily to reduce structural spacing, other 
additives are employed to produce more radical changes in the microstructure (19). One 
such process is the modification of aluminium-silicon eutectic. Although most refinement 
and modification treatments involve additions to the melt, either within the furnace or 
during pouring, mould washes can also be used as a medium for the introduction of foreign 
particles (20). 
The other aspect of melt condition relates to superheating and the influence of temperature. 
This operates through its effect on the presence and survival of nuclei and, with certain 
exceptions, notably some magnesium base alloys, high superheat produces coarsening of 
the grain structure: attributed to elimination, by solution, either of foreign particles or of 
small amounts of solid parent metal which remain stable above the liquidus temperature in 
the surface pores of foreign particles or the mould walls. Aluminium base alloys become 
more susceptible to oxidation and hydrogen pick-up with increasing superheat. 
The pouring temperature itself exerts an influence;. low pouring temperatures encourage 
copious nucleation on contact with cold mould surfaces and minimise the time for growth 
of individual grains, hence promoting finer microstructures. In practice, the actual pouring 
temperature is determined by taking into account other casting requirements. At pouring 
the metal requires fluidity to achieve satisfactory mould filling and reproduction of surface 
detail, and to avoid cold laps or poor definition. High pouring temperature is usually 
necessary to achieve these, assisted by mould preheating. 
A cleaner melt often results in a casting with superior properties. The melt should be made, 
as far as possible, free from non-metallic inclusions before pouring. Gases which have 
detrimental effects on the casting properties should be closely controlled. For example, 
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aluminium melts should be thoroughly degassed to remove hydrogen gas from the melt. 
Vacuum melting is used mainly for reactive metals and for producing metal cleanliness and 
consequently improved metal properties. Melting is normally accompanied by casting 
under a vacuum or an inert atmosphere. The need for cleanliness of the molten metal has 
led to a wider use of vacuum melting, the use of ceramic filters and improved techniques 
for better gas control. 
The pouring operation is the filling of the mould with molten metal. Turbulent flow must 
be avoided, especially in alloys which oxidise easily like aluminium alloys. Minimum 
heights should be employed in gravity poured castings. This also requires good running 
system designs to avoid turbulent flow. The oxides that form during mould filling are often 
termed "young" oxides. Campbell and co-workers have done a significant amount of work 
on the origin and influence of these oxides on the mechanical properties of Al-7Si-Mg 
alloys (22,23,24). The young oxides are primarily introduced into the casting as a result of 
turbulence at the fluid surface. For surface turbulence to occur, flow through the ingate 
should exceed a critical value, which is typically 0.5 rnIs for aluminium alloys. Exceeding 
this critical velocity causes the young oxides on the flowing metal surface to fold over and 
be incorporated into the casting. Since the oxide film is dry, non-wetting surfaces fold over, 
and the result is an oxide crack. The young oxides are also incorporated into the casting 
during "priming" of the running system. Priming is the period of filling during which the 
liquid metal displaces the atmosphere in the running system and is known to result in 
incorporation of large areas of folded young oxides, which are carried into the casting. 
Frequently, bubbles are also entrained in the flow, and these are markers of the most severe 
entraining events. The passage of bubbles through the casting may also result in the 
formation of additional oxide trails. 
The incorporation of young oxide films reduces the bending strength of castings by as 
much as an order of magnitude when the critical velocity is exceeded. It was shown that, 
with filtration, modification of silicon phase and careful gating system design to minimise 
surface turbulence, the reliability of Al-7Si-0.4Mg alloy castings quantified in terms of the 
Weibull modulus can range from 10 (typical for turbulently filled castings) to a value of 50, 
which approaches that of aerospace forgings. The influence of metal composition is 
apparent in improving the Weibull modulus. By reducing intermetallic phase-forming 
impurities, such as iron, in A356 castings, bottom-filled and filtered test bars with a 
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Weibull modulus of 91 were produced. Hence composition control and minimisation of the 
presence of old and young oxides result in a significant increase in the casting reliability. 
The cracks formed by entrainment of young oxide films are also detrimental to fatigue 
properties, and are believed to be far more damaging than old oxides during fatigue crack 
initiation. 
1.5.2 Casting Process 
The casting process is essentially concerned with the control of solidification of the melt 
within the mould. The solidification stage is crucial in the determination of microstructure 
in castings, in respect of the nature of the macrostructural zones, primary grain size and 
structural features within the grains (19). 
During the solidification stage the main concerns are cooling rates, temperature gradients 
and directionality. A high cooling rate produces a refining effect upon both primary grain 
size and substructural features. The former is attributed to the increased number of 
effective nuclei with greater undercooling and to accentuated growth restriction through 
concentration gradients ahead of the interface; the refinement of substructure results from 
increased frequency of branching of dendrite arms or eutectic phases with increasing 
growth rate (19). Dendrite arm spacing (DAS) can be reduced through increased cooling 
rates. The cooling rate in castings is to a large extent governed by the design and thermal 
properties of the casting itself. Cooling rate is affected by variation in the mould material, 
the highest heat diffusivity being obtained in practice with the metal mould (20). Amongst 
normal casting variables the most useful influence upon cooling rate is that of pouring 
temperature, an increase in which diminishes the freezing rate by preheating the mould, so 
reducing the rate of heat transfer during crystallisation (20). Maximum undercooling for 
grain refinement thus requires a low casting temperature. 
The solidification rate (cooling rate) after casting is controlled, in investment casting 
practice, by two major factors: casting temperature and mould preheat. However, both 
these parameters are usually selected with a view to obtaining the maximum detail and 
fidelity in the casting and optimum as-cast surface finish, and usually grain structure or size 
assumes a secondary importance. 
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The control of temperature gradients and directionality is primarily aimed at achieving 
internal soundness of the casting. Some control of solidification can be achieved through 
thermal conditions, although these depend also on the mass and shape of the casting and 
the properties of the moulding material associated with the particular process (20). Ideal 
feeding conditions are usually obtained with progressive or directional solidification, which 
ensures constant access of compensating liquid to the contraction sites at the solid-liquid 
interface. This is most readily achieved in alloys of short freezing range, which tend to 
solidify by the convergent growth of a sound skin towards thermal centres situated in 
feeder heads. Alloys of long freezing range, by contrast, tend to freeze in a pasty manner, 
with inter-crystalline residual liquid present through an extensive zone: the mass transfer of 
feed metal is in this case severely restricted in the later stages, producing a tendency to 
dispersed porosity unless steep temperature gradients can be induced. 
Thermal control can also be used as a converse form of grain refinement where benefit is to 
be derived from directional crystallisation. This requires the suppression of independent 
nucleation and growth, and the generation of temperature gradients sufficiently steep to 
produce fully columnar macrostructures, with, in some cases, associated alignment of 
microstructural features. Such structures are sometimes preferred for their favourable 
feeding characteristics and high and reproducible standards of soundness, with resultant 
benefits to the general level of mechanical properties and pressure tightness. This is the 
technique employed in directional solidification (DS) and single crystal (SC) investment 
casting of turbine blades (25). 
Temperature gradients and directionality can be achieved through selective chilling and the 
use of exothermics, resistance or induction heating, special gating techniques and the 
choice of pouring temperature (19). The extensive use of chills, both to refine the 
microstructure and to assist feeding by steepening the temperature gradients, can help in 
the production of premium castings with high and guaranteed levels of mechanical 
properties. 
1.5.3 Post-Casting Process 
Post-casting treatments are aimed at enhancing mechanical properties. Presently, there are 
two major post-casting processes, heat treatment and hot isostatic pressing (HIP). 
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For most general engineering applications thermal treatment is applied to enhance 
mechanical properties. Thermal treatment is a heating process or sequence of processes to 
develop desired mechanical properties in metals. The thermal cycles depend on the alloy 
involved and the microstructure of the castings prior to heat treatment. It is becoming 
increasingly clear that the performance of castings can be compromised by incorrect heat 
treatment. Particularly, it must be recognised that the water quenching of castings - in 
particular aluminium castings following solution treatment - results in high levels of 
residual stress (22). It has been proposed that polymer or air quenching replace water 
quenching, though there are fears that the associated lower quenching rates may reduce 
mechanical properties. 
The HIP technology was introduced to the casting industry in the middle 1970's (25). The 
process basically involves subjecting the casting to the simultaneous application of 
elevated temperature and hydrostatic (e.g., argon gas) pressure under conditions sufficient 
to substantially eliminate shrinkage porosity and homogenise the microstructure. Since it 
removes internal shrinkage porosity (the weakest member of the structure), the most 
significant mechanical property effect of HIP generally is the enhancement of minimum 
property levels. This is often the case, for example, with the static (e.g., tensile) properties 
of titanium, aluminium, and superalloy castings if the starting integrity of the material is 
relatively good (25). Significant improvements in both typical and minimum dynamic 
properties (e.g., fatigue and rupture) also can be obtained, particularly in temperature 
regimes where slip is planar and the shrinkage pores act to notch weaken the material (26). 
It is important to ensure that the shrinkage porosity is internal to the part rather than 
surface-connected to permit its elimination by HIP. The general property effect depends on 
the alloy involved, the microstructure and integrity of the castings prior to HIP, and the 
concomitant effects of the overall thermal cycle to which the material is subjected (25). 
1.6 THE NEED FOR RESEARCH 
The continuing demand for aluminium alloy investment castings has led to continuous 
development in the industry. Investment casters are aware that in order to sustain the 
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growing demand, they should produce castings not just to commercial standards but to the 
best they can achieve. As major objectives, the investment foundry industry has been, and 
is still, pursuing active development in the following areas (27): 
(i) Methods and process controls to achieve better and more consistent mechanical 
properties in castings to existing material specifications; 
(ii) New alloys with improved and consistent mechanical properties; 
(iii) Techniques to cast still thinner sections over larger areas to consistent 
metallurgical and dimensional standards; 
(iv) Techniques to cast more complex configurations (e.g., enclosed heatsinks, 
complex small cross-section passageways, etc.). 
There are numerous examples, reported in the literature, of the degree to which progress 
has been made towards these objectives, the majority of which are related to the aerospace 
and defence markets; these include metallurgical considerations related to integral rotors, 
directionally solidified (OS) and single crystal (SC) superalloy airfoils, and titanium 
castings (25). With the increasing demand for investment cast products in general 
engineering applications, more effort is being directed towards the first objective and this 
research is one such effort. 
Designers (customers) depend on materials with published properties for their needs. It is 
no wonder that the potential user of investment castings consults existing standard 
specifications and takes these as defining the limits that can be attained in terms of 
mechanical properties. In the absence of such standards for investment castings, 
documented sand cast properties are used. This does not help much in presenting the full 
potential of investment casting to achieve the high properties demanded by design 
engineers. Despite consolidating its position as a major precision casting process, with the 
ability to offer near net shape components, there is still a lack of documented specifications 
for investment cast aluminium alloys. In a recently published book (28), sand cast 
properties, as documented by the Association of Light Alloy Refiners (29), are used to 
represent mechanical properties of typical aluminium alloys for investment casting. Casting 
factors are used when strength properties are uncertain. A reduction in the casting factor 
imposed on aluminium alloy castings would enable investment foundries to compete 
successfully with fabricators and forgers and significantly increase their market potential. 
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Elimination of casting factors requires a knowledge of the properties for the materials 
being used (30). Clearly, establishing the range of tensile properties for widely used· 
aluminium alloys is an important consideration for the investment casting industry. 
There is also a desire, among aluminium alloy casters, to reach the same strong position for 
aluminium castings that there is for iron castings, in relation to available technical 
information. This requires the acquisition of technical information relating to the 
achievement of desired mechanical properties and metallurgical structures in the castings. 
The lack of such information for the investment casting of aluminium alloys was 
highlighted by a progranune of investigation on A357 alloy (an AI-Si alloy similar to 
LM25) carried out collaboratively by the British Investment Casting Trade Association 
(BICTA) and the National Engineering Laboratory (NEL) in conjunction with BICTA 
member companies (15). This identified the need for a fundamental progranune of work to 
fully examine and ultimately optimise all the casting parameters. 
1.7 SUMMARY OF RESEARCH OBJECTIVES 
Manufacturing technology for cast alloys is not nearly as standardised as for wrought alloys 
(31). Alloy chemistry, casting technique, and heat treatment often vary from part to part 
and between producers, resulting in wide variations in critical performance criteria. The 
main requirement of the present work was to optimise the mechanical properties (ultimate 
tensile strength, yield strength and elongation or ductility) of investment castings in a 
selected aluminium alloy. The alloy LM25 (BS 1490 specification) was selected for the 
study on the basis of it being a widely used aluminium alloy for general engineering 
applications. The work involved investigation of the optimum process control 
techniques/route in order to achieve the following: 
(i) elimination of casting defects; 
(ii) control of as-cast microstructure through the optimisation of the interrelationship 
of the various process variables; 
(iii)establishment of the optimum heat treatment cycles. 
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There has been work, reported in the literature, along the same lines in superalloys and 
titanium investment castings (25). lackson (27) reviews some examples of the successful 
utilisation of parts produced in aluminium alloy investment castings for aerospace and 
high-integrity applications. These developments related to the aerospace and defence 
industries' advances due to the fact that the investment casting industry has traditionally 
relied on the aircraft/defence markets. Similar work was carried out by BICT A, reported by 
Smart (32), in which the influence of mould temperature, metal temperature, mould 
material, ceramic filters and casting techniques were evaluated. A high-strength aluminium 
alloy of the aerospace series (A357 type) was used for the study. This, again, shows the 
industry's inclination to the aerospace market. Now there is a tendency to move into the 
general commercial market and aluminium alloy castings have been cited as a major 
expansion area for the future. 
To achieve the stated requirements, the following constituted the research objectives: 
(i) To evaluate the effects of degassing, filtration, grain refinement, silicon 
modification, mould temperature, pouring temperature, and heat treatment 
parameters (solution treatment time, aging time) in the investment casting of 
LM25. 
(ii) To document the relationship between these effects, soundness, microstructure 
and mechanical properties. 
(iii) To establish a casting route/technique(s) for optimum properties. 
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CHAPTER 2 
THE INVESTMENT CASTING PROCESS 
2.1 INTRODUCTION 
Investment casting, or, as the process was originally known, the lost wax process, is a 
precision casting process that combines the advantage of the greatest freedom in design 
(notably in respect of complexity of shape) and the largest variety of alloy selection with 
the highest dimensional accuracy and surface finish possible in a casting. Moulds are 
produced by covering an expendable pattern with highly refractory aggregates bonded with 
silica provided by either silica sol or ethyl silicate binders or a hybrid of these. The use of 
an expendable pattern has generally been regarded as a distinguishing feature of the 
process. The operation of covering the pattern with a refractory material is known as 
investing and this gives the process its modern name. A high temperature firing is a feature 
of the production sequence and this produces an inert mould into which virtually any alloy 
can be cast. 
The process is one of the oldest casting methods known and examples of its use can be 
traced as far back as 4000 BC (33,34). It was the demands of the Second World War that 
laid the foundations of the investment casting industry as we know it today. An urgent 
demand for finished components could not be met by the capacity of the machine tool 
industry and attention turned to investment casting to produce precision components for 
armaments and aircraft parts. Development of the process has been stimulated by the 
aircraft industry; in particular, the introduction of the gas turbine, where designers sought 
increased efficiency by use of higher operating temperatures, accelerated the transformation 
of an historical craft into the modern high technology metal forming industry that now 
typifies investment casting (32,35). 
2.2 HOW THE PROCESS WORKS 
Figure 2.1 outlines the principal stages in investment casting. The initial step in the 
production of any component should be liaison with the customer, to establish the 
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specification for the component and the quality level which will apply. Consultation with 
the founder at the design stage will ensure that the optimum product is achieved taking full 
advantage of the capabilities of the process. The benefits of investment founder 
involvement at the part's design stage will also be reflected in the following (36,37): 
(i) tooling costs; 
(ii) the reduction of finishing operations to an absolute minimum; 
(iii)material usage optimisation; and 
(i v) product cost. 
2.2.1 Pattern Production 
The production of an expendable pattern is usually considered as the first step in making an 
investment casting. A metal die is used to produce the pattern, now almost universally of 
wax. Aluminium is extensively used in the die manufacture because of its high thermal 
conductivity and easy machining properties. Where better wear properties are required, 
then steel or brass are used. The pattern wax is usually a blend of natural and synthetic 
waxes with various additives to give compositions that offer minimum shrinkage and close 
reproducibility of pattern dimensions, together with adequate strength (38). Most patterns 
are produced with one or more gates which are usually located at the heaviest casting 
section. The gate has three functions (39): 
(i) to attach patterns to the sprue or rnnner, forming a cluster; 
(ii) to provide a passage for draining out pattern material as it melts upon heating; 
(iii) to guide molten metal entering the mould cavity in the casting operation; and to 
ensure a sound part by feeding the casting during solidification. 
Investment casting patterns are produced to very close limits of dimensional accuracy, 
shape, and surface finish; this high degree of accuracy and finish is reproduced in the 
mould cavity by the nature of the "investment" process and the mould materials which are 
utilised. 
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Fig.2.1: Flow Chart Illustrating the Production Steps of Investment Casting. 
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2.2.2 Pattern Assembly 
The prepared patterns are attached to a runner, of the same material as the patterns, at the 
gate and the runner/pattern assembly is attached to a pouring cup. This entire assembly of 
pattern, runner and pouring cup is referred to as a cluster or tree. There are many variations 
of these clusters, some with integral pouring cups and others with ceramic pouring cups. 
The arrangement and number of patterns on the runner, the type of runner and its 
arrangement on the pouring cup are engineered on the basis of alloy type, size and 
configuration of the casting. Larger patterns are assembled one or two to a cluster, while 
smaller patterns can be assembled up to several hundred patterns per cluster. The pattern 
assembly makes it possible to produce very large numbers of components in one mould and 
complex shapes as one piece. Once the patterns are assembled to the runner system, the 
investment cycle can commence. 
2.2.3 Investment and Stuccoing 
The cluster is cleaned, dried and dipped into a ceramic slurry. The excess slurry is drained 
off to give an even wet coat. The still-wet surface is stuccoed with relatively coarse 
refractory particles. The slurry contains refractory flour, an inorganic binder (ethyl silicate 
or colloidal silica), a wetting agent and an anti-foam agent (34). Careful selection of 
refractory material results in two particular advantages: 
(i) the fine grains of refractory material provide a smooth surface finish on the 
resultant casting; 
(ii) the selection of a thermally stable refractory material ensures that the mould is 
not subject to unpredictable dimensional changes in contact with the molten 
metal during casting, thus enabling an accurate estimate of casting contraction to 
be made. 
In practice, several slurries of progressively coarser grades of refractory flour are used (34). 
The first coat is typically the most viscous and contains the finest mesh size flour (-200 to 
-350 mesh). The stucco consists of dry refractory sand and is applied on to a wet slurry coat 
either by a rainfall sander or by immersing the cluster into a fluidised bed of refractory 
stucco. The stucco reduces drying stresses in the coating and makes a rough surface which 
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bonds more easily to the main investment. The stucco, in many cases, is the same type of 
refractory as the dip coat, but it has a much larger grain size. 
There are two production techniques available at the investment stage. The Solid Mould 
process was the method originally used for industrial investment casting. It has largely been 
replaced by the Ceramic Shell process, introduced in the 1950s, except for some high-
volume parts and some aluminium castings (40). In both techniques, the pattern is invested 
in a primary slurry and refractory stucco. The primary coat must be dried or chemically 
hardened prior to the application of the secondary investment or back-up coats. 
In the solid mould process, a solid or block mould is produced around the coated pattern 
assembly. An open-ended container or "flask" is placed over a base plate to which the 
pattern assembly has been attached. A coarser refractory slurry (secondary investment) is 
poured into the container and the mould is then vibrated to consolidate the mould and also 
facilitate the escape of entrapped air bubbles. The solid mould is allowed to dry over a 
period of some hours before removal of the pattern (3). 
The ceramic shell process, which is the most commonly used method for producing an 
investment casting, involves the application of successive coats of slurry and stucco onto 
the primary coated pattern assembly, with setting of each coat before the application of the 
next. The shell is set after each coat to gel the binder which will cause some strength 
development in the layer. When the required thickness of stucco has been achieved, the 
mould is allowed to dry out for several hours before the pattern is removed. A completed 
shell mould would normally consist of one primary coat followed by six to nine secondary 
coats, resulting in a mould thickness of 6 to 12 mm (37). 
2.2.4 Dewaxing 
~ 
Once the ceramic mould is produced, the wax pattern is removed by thermal or chemical 
means (dewaxing). The most common method for wax removal is the steam autoclave. The 
autoclave is a pressurised vessel that operates at high temperatures (-180°C). Autoclave 
dew axing uses steam under pressure to melt the wax and keep the shell intact. The shell is 
uniformly heated and the wax may be reclaimed. 
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2.2.5 Firing and Casting 
After dewaxing, the moulds are almost free from wax and dry, and can be passed 
immediately to the fuing furnace. The moulds are preheated to a temperature of about 1000 
0C in an oxidising atmosphere of 3-5% free oxygen for the following purposes (41): 
(i) To bum out any wax and carbon residues; 
(ii) To frit the mould to form a refractory bond; 
(iii) To retain metal temperature and fluidity to fill thin sections. 
Firing time may be as short as one hour (34). The temperature of shell moulds falls rapidly 
during transfer from the firing furnace to the casting point. It is this behaviour of shell 
moulds (rapid loss of heat content) which makes it more difficult to control the mould 
temperature. In air casting operations, it is practical to keep the time lapse short and 
consistent, so it is not usually necessary to insulate the shell. In order to control the cooling 
rate of the metal, however, partial or complete insulation may be necessary. 
Moulds may subsequently be cast whilst still hot or allowed to cool, depending on section 
thickness and metallurgical requirements. The moulds may be poured under static pressure, 
or under vacuum, pressure or centrifugal assistance. 
2.2.6 Knockout and Finishing 
Once the casting has cooled, the mould material is typically removed by impact, vibration, 
grit-blasting, high pressure water blasting or chemical dissolution, to leave the castings 
which are then removed from the runner system (34). Various post-casting operations, such 
as heat treatment, surface treatment, and Hipping, may be carried out. 
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2.3 PROCESS CAPABILITIES 
2.3.1 Material Selection 
The investment casting process is suitable for a wide range of ferrous, non-ferrous and 
special alloys. Table 2.1 lists typical alloy groups that are investment cast and the main UK 
specifications. 
TABLE 2.1 
INVESTMENT CASTING ALLoysa 
Carbon and Low Alloy Steel 
Based on BS 3146: Part I: 1974 
Corrosion and Heat ResistingSteel 
Based on BS 3146: Part 11: 1975 
Nickel and Cobalt Superalloys 
Some of the nickel alloys are included in BS 3146: Part 11. Most nickel 
and cobalt superalloys are known by trade designations 
Aluminium Alloys 
These are based on BS 1490, LM series or aerospace series (BSL 99, 
DTD 716 etc.) 
Copper Alloys 
Mainly based on BS 1400 
Magnesium Alloys 
Alloys based on BS 2970 
Titanium Alloys 
Based on range of commercial a. or a.~ titanium base alloys. 
a Data from Smart (35) 
2.3.2 Casting Size and Weight Limits 
Whilst the majority of investment castings produced would be described as small, there is 
no fixed upper limit in terms of size and weight. Investment castings weighing up to 250 kg 
(ferrous materials) and castings to a maximum envelope of 1200 mm x 1200 mm x 1200 
mm (most metals) are produced (35). 
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2.3.3 Section Thickness 
A minimum section thickness of 1.5 mm is typical, but thinner sections are possible 
depending upon the alloy and the method of processing employed (9). The wall thickness 
tolerance will depend upon alloy type, section thickness and die construction. 
2.3.4 Surface Finish 
The as-cast surface finish of investment castings is a major attribute of the process. A 
surface roughness of 3.2 J..lm (125 J..lin) is readily attainable. Better values can be obtained 
but depend upon alloy and processing conditions. 
2.3.5 Dimensional Accuracy 
The dimensional accuracy of the finished investment castings is affected by the process 
conditions which apply, including pattern size and contraction; mould expansion and 
contraction during cycling; metal contraction, shrinkage and distortion; and the effects of 
, 
post-casting operations. These process variables are counteracted by tooling allowances, 
careful control of raw material quality and by stringent process control through all stages of 
the manufacturing cycle (37). General dimensional tolerances are reviewed below for 
guidance purposes (3,36). 
Linear Dimensions An as-cast tolerance of ±O.13 mm per 25 mm will generally apply. 
For smaller dimensions, up to 13 mm, a tolerance of ±O.I 0 mm is possible. 
Radii For cast radii, a normal tolerance for both internal and external radii would be ±OA 
mm per 25 mm of radius. 
Angles A tolerance band of ±O.50 /±1.0o will in general apply for cast angles. However, 
configuration of the component may have a large bearing on the accuracy of the angle 
achieved. 
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Straightness A general tolerance of ±l.O% will apply over the casting length in the as-
cast condition and mechanical setting operations on the casting will generally achieve a 
straightness tolerance of ±O.5%. 
Cast Holes A tolerance of ±O.13 mm will generally apply to the diameter and depth of 
cast holes for diameters up to 25 mm. Whilst a limit on the depth of cast holes in relation to 
their diameter exists for invested or moulded holes (for blind holes, the maximum depth 
will normally be of the order of 2 x the diameter and for through holes, a maximum depth 
of 5 x the diameter will be the general mle), the use of preformed ceramic cores enables a 
variety of shapes to be produced, including holes of considerable length and extremely 
small diameter. 
2.4 SUMMARY 
The brief outline of the investment casting process illustrated the large number of stages 
involved compared to those required for other casting processes. Nevertheless, the 
advantages and capabilities of the process are so good that the extra stages are worthwhile. 
Since the investment casting shell is in one-piece, it cannot be examined before pouring. 
This means any internal damage caused to the shell during manufacture would not be 
detected and could result in a scrap casting. As a guard against this problem, the conditions 
in the area of shell manufacture and storage are strictly controlled to maintain a stable 
environment. The most important conditions are humidity, temperature and air flow. 
There are two general problems in conventional investment casting; poor mould filling 
control and mould venting. The former problem has led to the development of casting 
processes which use counter gravity filling of investment moulds while the later problem is 
eliminated by vacuum casting. 
The cost of producing an investment casting is not necessarily related to the component 
complexity. However, there is a considerable size effect in that casting cost increases 
significantly with envelope size. It is essential to make a true comparison of the costs 
which include the cost of the additional operations to arrive at the desired end product. The 
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ability of the investment casting process to produce near-net-shape offers considerable cost 
advantages when the true comparison is made. There will certainly be applications where 
the investment casting process may not be cost-effective, either because of simplicity of 
design or low demand for quality. 
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3.1 INTRODUCTION 
CHAPTER 3 
ALUMINIUM ALLOYS 
The tenn "light metals" has traditionally been given to both aluminium and magnesium 
because they are frequently used to reduce the weight of components and structures (13). 
The property of lightness has led to the association of the light metals with transportation 
and more especially with aerospace which has provided great stimulus to the development 
of alloys. Strength:Weight ratios have thus been a dominant consideration and these are 
particularly important in engineering design when parameters such as stiffness or resistance 
to buckling are involved. 
Concern with the aspects of weight saving should not obscure the fact that light metals 
possess other properties of considerable technological importance, e.g. the high corrosion 
resistance and electrical and thennal conductivities of aluminium, and the machinability of 
magnesium. The fact that the light metals aluminium and magnesium have traditionally 
been associated with the aerospace industries has tended to obscure their growing 
importance as general engineering materials (13). Aluminium and its alloys have been 
successfully used in the building, packaging, electrical and transport industries for many 
years. In addition, they are employed in a variety of miscellaneous applications, including 
chemical plant, gas cylinders, cryogenics, tooling plate, lithographic sheet and street 
furniture (42). High strength aluminium alloys are finding increased usage as the demand 
for strength and light-weight components increases. 
Among the commercial aluminium casting alloys, the Al-Si-Mg alloys, containing 
nominally 7% Si and about 0.25 to 0.7% Mg, are perhaps the most commonly used, mainly 
because of their excellent casting characteristics and mechanical properties in the heat 
treated condition. The addition of Si imparts excellent castability and resistance to hot-
tearing. Also, since Si increases in volume during solidification, the susceptibility of the 
castings to shrinkage defects is reduced. The presence of Mg in the alloy offers the ability 
to heat treat the alloys to high strength levels. The alloys also possess good corrosion 
resistance. 
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The most common British Al-Si-Mg casting alloy is LM25 (BS 1490). LM25 is suited for 
investment casting (43). 
3.2 IMPROVEMENT OF MECHANICAL PROPERTIES IN AI-Si ALLOYS 
The priorities for optimising the properties of a cast product are to minimise the occurrence 
of casting defects, that can limit service performance or introduce unpredictability in 
component behaviour, and control of the as-cast microstructure. Positive controls for 
aspects of the microstructure (grain size, crystal texture, dendrite arm spacing) have been 
widely introduced to tailor the casting to specific applications. However, the measures 
required to achieve these individual objectives are often incompatible and the final process 
is necessarily a compromise to obtain optimum performance (26). 
The factors known to significantly influence the mechanical properties of AI-7Si-Mg alloys 
are (45): 
(i) Chemical composition - in particular, silicon and magnesium contents and iron 
as an impurity; 
(ii) Casting process, solidification rate and dendrite arm spacing (DAS), and cell 
count per unit area (CPUA); 
(iii) Micro- and macrostructures and porosity; and 
(iv) Heat treatment - in particular, delayed aging and the effect of trace additions 
(cadmium, indium, tin, etc.) in minimising the detrimental effect of delayed 
aging. 
Paray et al. (46) considered mechanical property improvement in terms of the factors which 
define the metallurgical structure in aluminium castings. Those which most strongly affect 
mechanical properties are (46): 
(i) Grain size and shape; 
(ii) Dendrite parameters; and 
(iii) Size, form and distribution of second phase particles and inclusions. 
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All these factors relate to the soundness and as-cast structure of the casting. The following 
sections review foundry practices designed to achieve soundness and control 
microstructures in aluminium alloys in general, and AI-Si alloys in particular, indicating 
their effects on mechanical properties. 
3.2.1 Achievement of Soundness in Aluminium Alloy Castings 
The production of high-quality castings would be easier if it were not for the contraction 
that takes place during the solidification of most metals and alloys. If not properly handled 
this leads to shrinkage porosity. The practice used to overcome shrinkage porosity is 
feeding. The use of feeding aids (insulating and exothermic materials) is a well established 
part of improving feeding efficiency and these are employed principally to improve yield 
(47). 
The other factors which affect casting soundness are gas porosity and inclusions, both 
metallic oxides and non-metallic inclusions. The methods used to overcome these 
inclusions include melt treatment, filtration and, to a lesser extent, running system design. 
The objective of these is to have clean metal entering the mould. 
3.2.1.1 Control of Shrinkage Porosity 
The solidification of most alloys is accompanied by appreciable volume contraction. As the 
molten metal freezes, it is subjected to three different contractions; liquid contraction, 
solidification contraction and solid contraction (48). In the casting situation the liquid 
contraction is usually not troublesome as it can easily be compensated without difficulty by 
a slight extension to the pouring time, or by a slight fall in the level of the feeder. Solid 
contraction leads to problems related to casting size (distortion) and hot tearing or cracking 
of the casting due to mould constraint (48). The solidification contraction, on the other 
hand, is responsible for shrinkage porosity, which is the result of failure of the feeding 
process to operate effectively. To achieve better casting soundness, it is imperative that this 
contraction be compensated. 
The control of solidification contraction is achieved by the use of feeders. The ease of 
feeding a solidifying alloy is dependent on the alloy's freezing mode, that is short or long 
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freezing range, and thermal conditions during freezing. Measures adopted for the feeding 
of castings frequently use the principle of directional solidification. Cooling is controlled, 
by designing the mould and by utilising the intrinsic design of the casting, so that freezing 
begins in those parts of the mould furthest from the feeder heads and continues through the 
casting towards the feeder heads, designed to solidify last so as to supply liquid metal 
throughout freezing. Campbell (48) and Beeley (20) have looked at the design and location 
of feeder heads in order to achieve this. There is a vast literature on the subject of 
providing adequate-sized feeders for the feeding of castings. However, the requirements of 
increasing component complexity and thin walled castings often militates against such 
efficient feeding (26). 
The practical approach to directional solidification is based on a variety of measures 
designed to steepen those temperature gradients which lie in favourable directions. These 
measures include control of pouring rate and temperature, differential cooling by chilling, 
and differential heating with the aid of exotherrnic materials. Steep temperature gradients 
are necessary to achieve directional solidification in long freezing range alloys (20). LM25 
is a relatively long freezing range aluminium alloy. 
The use of thermal gradients to improve casting solidity is effective in all casting processes 
and with all alloys. Thermal gradients narrow the freezing front and minimise the distance 
over which feeding through a liquid-solid network must be accomplished. The steeper the 
thermal gradient, the more long freezing range alloys act in a similar manner to pure metals 
or eutectics during freezing. 
In an effort to achieve zero porosity in investment castings, especially with increasing 
casting complexity where liquid feeding becomes inadequate, post-casting techniques have 
been developed to control porosity. Hot Isostatic Pressing (HIP) is such a technique and has 
been successfully applied to eliminate traces of sealed internal porosity (49,50). 
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3.2.1.2 Control of Gas Porosity 
Aluminium's natural affinity for oxygen and the large difference between the solubility of 
hydrogen in liquid and solid aluminium present many opportunities for potential harmful 
defects in aluminium castings. In fig.3.1 (51), the graph shows how rapidly hydrogen 
content rises as the temperature of aluminium increases. Taken in reverse, it shows equally 
well the decline in the solubility as the temperature drops. 
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Fig.3.1: Graph Showing the Solubility of Hydrogen in Solid and Liquid Aluminium 
It has been demonstrated through many investigations that, of all the possible gases, only 
hydrogen is soluble to any extent in molten aluminium and its alloys (52). Due to the large 
solubility difference in liquid and solid aluminium, hydrogen causes gas porosity in 
aluminium castings. On subsequent cooling during casting the solid solubility of hydrogen 
just below the liquidus falls to 0.036 cc per lOOg while at 300 0C it is reduced even further 
to 0.001 cc per lOOg (53). Any gas rejected from solution during solidification of the liquid 
can become entrapped, encouraging interdendritic or primary porosity while gas rejected 
during cooling of the solid results in secondary or pin-hole porosity (53). 
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Alloying elements in aluminium may change the solubility of hydrogen (52). However, the 
solubility curves retain the same basic shape as that shown in fig. 3.1 (54). Copper and 
silicon both decrease solubility. Manganese below 1.5% seems to have the same effect, 
while nickel, titanium, iron, and magnesium increase the solubility. Sodium and strontium 
also increases the solubility. 
In nearly all cases, the most important source of hydrogen is moisture which reacts with the 
molten aluminium to form hydrogen and aluminium oxide as shown by the chemical 
reaction below: 
[3.1] 
This reaction is highly favoured at foundry operating temperatures and it is safe to assume 
that all water vapour coming into contact with molten aluminium will dissociate in this 
way (54). Some of the more common sources of moisture include (52,53,55): 
(i) Moisture in the air, hot and humid weather; 
(ii) Products of combustion during melting and holding; 
(iii) Moisture absorbed on the surfaces of charge materials; 
(iv) Tool wash coatings not thoroughly dried; 
(v) Moisture in furnace linings, crucible linings and refractory wash coatings; 
(vi) Hydrated corrosion products; 
(vii)Damp fluxes (foundry fluxes are, in general, hygroscopic salts). 
The solubility of hydrogen and the oxidation rate increase with temperature. Therefore, 
molten metal temperature is very important in controlling hydrogen pickup and oxide 
generation. The degree of superheat and pouring temperature need to be closely controlled. 
Ideally molten metal temperature should be held as Iow as possible, and preferably not 
exceed 760 0C (55). This is, however, usually compromised by considering the fluidity of 
the melt which is also affected by melt superheat and pouring temperature. 
It is expensive to remove hydrogen from liquid alloys, and so efforts should be made to 
minimise its pickup by the melt. The avoidance of hydrogen dissolution requires constant 
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vigilance during melt handling. Good foundry practice can help reduce gassing and oxide 
generation. Some important procedures to note include the following (55): 
(i) Preheat the tools and charge to remove moisture; 
(ii) Avoid agitating molten metal during fluxing, stirring and skimming; 
(iii) Transfer metal smoothly into the mould, keeping minimal vertical distance 
between ladle and casting mould; 
(iv) Avoid direct flame impingement on metal surface; 
(v) Minimise delays between melt-down and casting. 
Although these precautions are effective in minimising oxide and hydrogen generation, 
there will always be some gas and non-metallic impurities in aluminium after melt down, 
which in turn causes gas porosity (55). Even the amount normally dissolved under good 
melting conditions is usually too high for the production of quality castings so that 
degassing methods have to be used (52). The best way to prevent porosity is, therefore, to 
fluxldegas the melt. 
Degassing Aluminium Alloys (Removal of Hydrogen) 
The solubility of hydrogen in aluminium increases markedly with temperature and for this 
reason degassing should be carried out as metal temperature is static or falling. There are 
various methods of degassing aluminium alloys; these include natural degassing, gas 
purging (lance, plug or rotary degassing with reactive or inert gas), tablet degassing, 
ultrasonic treatment and vacuum degassing (56). Gas purging is the most widely used 
method of degassing aluminium alloy melts. This involves bubbling a gas through the melt 
to remove hydrogen. In addition, gas purging assists in bringing suspended oxides to the 
surface of the melt where they can be removed with the dross. 
Degassing is a physical process and relies upon a steady stream of insoluble, dry and 
oxygen-free gas rising through the melt into which dissolved hydrogen can diffuse. The 
efficiency of a gaseous treatment depends on the surface area, size and speed of the 
bubbles, depth of the bath, method of gas introduction, purity of gas employed and furnace 
atmosphere (57). For efficient treatment, it is important that gases are introduced in the 
form of small bubbles. Smaller bubbles present the largest surface area per unit volume and 
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have slower rising speed than larger ones and thus permit a longer contact time with molten 
metal, ensuring efficient degassing. The gas should be introduced at the lowest possible 
level in the melt for maximum gas/metal contact, and more important it should be 
uniformly distributed throughout the melt. Temperature also plays a role in degassing 
efficiency. Hydrogen solubility and the partial pressure of hydrogen in the melt decrease 
rapidly as the melt temperature reduces (54). Degassing is, thus, improved at lower melt 
temperatures. In view of this, it is advisable to carry out degassing at the lowest 
temperature which is practical for a particular operation. 
There are several inert and reactive gases, and mixtures of these, used as degassing agents. 
Nitrogen is the most commonly used because it is relatively inert and non-toxic. However, 
it is regarded as the least effective agent. In addition, it has the disadvantage of reacting 
with aluminium at temperatures above 700 0C forming an insoluble aluminium nitride 
which remains suspended in the melt (53). When degassing with nitrogen it is advisable 
not to use graphite tubes to introduce the gas into the aluminium melt as this is said to 
cause graphite inclusions.jn the metal (58). 
Treatment with chlorine is more efficient than with nitrogen and the reaction between 
chlorine and aluminium produces aluminium chloride which is volatile and bubbles 
through the melt encouraging hydrogen diffusion (53). The problem with chlorine purging 
is the toxicity, corrosion and irritation to those working with it. It also has the disadvantage 
of removing magnesium and destroying sodium modification (52). Despite the fact that it is 
considered the most effective degassing agent, chlorine is rarely used in crucible fluxing 
unless adequate extraction is provided. 
The disadvantages of chlorine are in part overcome by diluting it with nitrogen to make it 
less toxic and less polluting (57). However, the degassing efficiency of chlorine is 
correspondingly reduced. This fact has led to the reduced foundry use of the formerly 
popular nitrogen-chlorine degassing mixture (90% N2 - 10% Cl2 mixture) (52). A mixture 
said to be as effective as chlorine is that of 95% nitrogen and 5% freon-12 (57). It is also 
claimed that the use of the mixture (N2 - 5% CCI2F2) results in a Iow level of toxic and 
polluting emissions. However, freon-12 is being phased out because of its adverse effect 
on the Earth's ozone layer. Argon is also used frequently for degassing (55). Although this 
gas is considered more effective than nitrogen, it is also more expensive. 
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The treatment gas can be directly introduced into the melt by one of the three techniques; 
lance degassing, porous plug and rotary degassing (59). The simplest, but least effective, is 
to use a straight graphite or cast iron lance. Such a lance produces large bubbles which rise 
close to the lance surface, and so contact a minimum of liquid metal. A considerable 
reduction of bubble size occurs with use of a porous plug. This is effectively a lance with a 
porous refractory plug fitted at the end. Since the bubbles are smaller than in a simple 
lance, the porous plug is a more efficient means of degassing aluminium. However, the 
bubbles still tend to rise directly over the plug and therefore are not particularly well 
distributed throughout the melt. One drawback with this technique is that the refractory 
plug is prone to blockage and this has prevented its widespread use (59). The most efficient 
degasser available for foundry use is the rotary degasser. This introduces the treatment gas 
into the melt through a special impeller head which rotates rapidly, chops the gas stream 
into very fine bubbles, and then disperses them throughout the body of the melt. 
Hexachloroethane, C2C16, is the most widely used chloride in the tablet degassing method. 
Unlike gas purging, tablet degassing does not require the installation of equipment for the 
storage, distribution, flow metering and pressure regulation of the gas (60). The tablet 
degassing process involves plunging and holding tablets containing gas evolving salts in 
the melt. Hexachloroethane is a volatile chloride which breaks down at the temperatures of 
the molten aluminium (C2C16 decomposes at temperatures above 700 °C (54», generating 
gaseous chlorine (52). As a method for introducing treatment gas into aluminium melts, 
tablets are inefficient. Decomposition of tablet degassers is uncontrolled, bubble size is 
variable, and the bubbles are confined to a volume of metal around the plunger which is 
used to immerse the degasser into the melt (54). Moreover, hexachloroethane has 
objectionable fumes and leads to problems of inclusion and dross removal (60). 
The optimum gas level for the production of sound aluminium alloy castings will depend 
on many factors, including alloy type, mould type and design, and casting section (53). As 
a result it is not possible to give an actual gas level which satisfies all casting requirements. 
However, alloys with a hydrogen content of less than about 0.01 cc per lOOg are said to 
remain practically free of gas pores and blisters (51). 
The effect on the mechanical properties of the castings depends on the amount of gas 
dissolved and the rate of solidification (52). Chamberlain and Sulzer (61) studied the effect 
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of hydrogen on the tensile properties of a sand cast 356 alloy. Their results showed that 
both the tensile strength and the elongation were seriously reduced as the hydrogen 
concentration increased. The yield strength is only very slightly affected as would be 
expected, since this property is more related to the metallurgical state of the aluminium 
matrix than to defects in the structure (54). The elongation is particularly affected at high 
freezing rates, where all of the benefits usually resulting from finer microstructures are lost 
due to porosity (54). The faster the rate of solidification, the more gas is retained in solid 
solution and the smaller the effect on properties. However, the dissolved gas may be 
precipitated by subsequent heat treatment resulting in the formation of voids and blisters 
(52). 
3.2.1.3 Control of Inclusions 
All metallic and non-metallic undissolved materials present in aluminium alloys are termed 
inclusions (53). Inclusions in the melt can lead to various problems, ranging from the 
reduction of mechanical properties, excessive tool wear, increased porosity, poor surface 
finish and lack of pressure tightness (62). Mechanical properties are a fairly reliable 
indicator of the melt cleanliness. Tensile strength and elongation, but not yield strength, are 
lowered by oxide content (63). Inclusion removal from the melt is, therefore, a critical step 
in the production of high quality aluminium castings. 
Inclusions found in aluminium castings are either exogenous or endogenous. Table 3.1 
shows observations on these inclusions and their origins. 
Exogenous inclusions are imported to the molten metal stream from external sources, such 
as occluded particles on and within primary and secondary ingots, major alloying elements 
and master alloys, as well as containment refractories. 
The more prevalent inclusions are endogenous, which arise from either chemical reactions 
within the melt itself, or else remain from deliberate melt treatment such as fiuxing or grain 
refinement (54). Endogenous inclusions include oxides, aluminium carbide and halide 
salts. However, their formation can be avoided by paying attention to good foundry 
practice. 
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TABLE 3.1 
Classification, Observation, and Source ofInclusionsa 
ClASSIFICATION TYPE OBSERVED POTENTIAL SOURCE 
Non-metallic Various refractory particles, Refractory degradation, Remelt 
Exogenous AI.C" etc. ingot, RefractorvlMetal reactions. 
MgO, A120 3 films, clusters, Melting, alloying; Metal transfer 
Non-metallic and dispersoids; MgAl204 turbulence. 
endogenous films and clusters. 
Homogeneous Halide MgCI2-NaCl-CaCI2, etc. Poor separation of fluxing reaction 
Salts products. 
MgCI2-NaCl-CaCI2IMgO Salt generated during Chlorine 
Particle/Salt etc. fluxing of Magnesium containing 
alloys, filter and metal handling 
system releases. 
a Data from Lesslter (62) 
The most frequently occurring inclusions are oxides (53). Oxides in the melt affect the 
behaviour of hydrogen degassing and the occurrence of porosity. The oxides reduce the rate 
of hydrogen degassing because the hydrogen absorbed in the oxides is more strongly fixed 
(64). At the same hydrogen level, oxides increase porosity because of increased pore 
nucleation sites (65). The conditions listed earlier, as causes of gas porosity, also cause 
unnecessary oxidation and should be avoided. Oxides can be carried into the melt by 
plunging scrap and ingots, turbulent transfer of molten metal, ladling and stirring (63). 
Precautions which minimise oxide and gas generation, as previously discussed under 
control of gas porosity, should be observed. Proper metal handling and treatment practices 
are capable of separating oxides, carbides and salts from the metal stream before they 
become inclusions in castings (62). The degree to which the principles of good foundry 
practice are followed directly affects the quality of the casting, regardless of the metal. 
Early methods of inclusion control often focused on the mould running system design; the 
incorporation of pouring basins and runner extensions whose function was to trap dirt 
particles before they entered the mould cavity. Strainer cores which are refractory discs 
with discreet holes were also introduced into the runner system with the aim of trapping 
foreign particles (54). However, this approach is not efficient as inclusions still cause scrap 
castings (47). In addition, this method leads to complex gating system designs and low 
yield, resulting in a heavy cost burden. 
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If the gating system was designed only for its primary purpose of delivering metal into the 
mould cavity and the task of controlling inclusions was carried out by an efficient filter, 
then there would be the joint benefits of inclusion-free castings and improved yield. 
Molten metal filtration has proven itself an effective technology for improving part quality 
in a variety of casting processes. There are two main factors affecting the efficiency of 
metal filtration - foundry practice and filter characteristics (66). The proper filter performs 
several important functions. It moderates flow, removes inclusions, and reduces the 
propensity for the formation of gas porosity (66). All these lead to the beneficial 
improvement of mechanical properties. 
Selecting the right filter type and size is essential to getting the maximum benefits possible 
out of filtration. Ceramic foam filters have been shown to be effective in essentially 
eliminating inclusions from aluminium castings (67,68). They have been successfully used 
in investment casting (67). 
Filtration of the molten metal through a ceramic foam filter occurs by three mechanisms 
(69): sieving, in which particles larger than the filter pore size are trapped on the filter 
surface; deep bed filtration, in which particles smaller than the filter pore size make contact 
with and sinter to the filter walls; and cake filtration, in which fine particles are trapped by 
a built-up filter cake. The nature of deep bed filtration requires that the filter and impurities 
have similar and compatible chemistries (70). 
One of the most important factors in the use of a ceramic foam filter is its effect on the 
flow pattern of the metal entering the mould (71). Filters promote non-turbulent flow of 
metal, thus reducing the production of oxides in the running system and mould cavity. The 
flow of aluminium through a ceramic foam filter is described by Kendrick and Hack (71). 
Melt related inclusions are filterable within certain limits because filters are able to hold 
only finite amounts of the inclusions (66). Temperature, alloy, and pour weights all affect 
filter limits, and the relationships must be experimentally determined (66). 
Once the correct filter has been selected for a particular casting, it should be positioned as 
close to the mould cavity as is practicably possible and with a minimum of directional 
changes after metal has passed through the filter. The practice of placing filters as close as 
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possible to the mould cavity helps to catch oxide films, including those generated by 
turbulence in the gating system, and non-metallic inclusions at the last possible moment 
(67). Care must be taken never to place the filters either at the bottom of the down sprue or 
immediately adjacent to the catch basin where they might become blocked by the initial 
surge of oxide films. Whenever possible, it is recommended to locate filters horizontally to 
provide a more uniform priming of the entire filter area (67). The most beneficial position 
for the filter in an investment casting is at the base of a casting grid (72). To achieve this, 
the filter is impregnated with wax or its edges coated with a thick slurry and then 
positioned between the casting grid and a remote sprue. The system can then be invested, 
dewaxed and fired in the usual manner. This application results in a non-turbulent filling of 
the mould with filtered metal from the base upwards. 
The incorporation of a filter in the mould running system adds considerable resistance to 
flow, necessitating certain modifications to the runner system. If no changes are made, or if 
these are insufficient, the mould cavity will fill too slowly and cold shuts or misruns may 
result. The filter size should be such that the filling time of the mould with a filter is 
approximately the same as that without a filter. The filling time with a filter should not be 
less than 90% of the filling time without a filter (54). To obtain an optimum mould fill rate, 
it is important to calculate the proper filter size for each specific casting application. 
Filter manufacturers provide some data to act as guidelines in filter sizing. However, the 
flow rates and capacities provided depend largely on application, alloy type, temperature, 
metal head height and metal cleanliness (73). An examination of manufacturers' literature 
(73) also revealed that filter capacities and flow rates were presented with respect to the 
recommended materials for that filter. This often makes filter sizing somewhat difficult. In 
order to determine the proper filter type, filter size, etc., for optimum performance, 
experimental investigation is required to determine the filter flow rate and filter blockage 
factors. The following are the guidelines for the sizing relationships to determine the 
minimum area of filtration that will provide an adequate fill rate, avoid filter blockage, and 
provide complete filtration (69). 
(i) To avoid having the filter act as a choke in the gating system, the filter should be 
sized relative to the choke area in the gating system. At filter area/choke area 
ratios less than four, the filter significantly increases the pour time in comparison 
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with unfiltered pouring (68). At ratios above eight, the pour time is virtually 
unaffected by the filter (68). There may be a slight increase in pouring time if the 
ratio is in the four-to-eight range. It is, however, generally recommended to use a 
filter area/choke area of at least four (68). On the other hand, a ratio of 2: 1 for 
filter area:runner area commonly is recommended as the minimum for non-
ferrous metals (71). 
(ii) Since filters retain non-metallic inclusions, they eventually become clogged. The 
filter capacity should be able to handle the pour weight. The filter capacity can 
be determined empirically. The capacity is affected by factors particular to a 
given casting, including metal cleanliness and actual pore size of the foam filter. 
The minimum filter area equals the pour weight multiplied by the blockage 
factor (blockage factor is the inverse of filter capacity in weight per unit of filter 
frontal area). 
It is recommended that the largest of the two minimum filter areas calculated by using the 
above relationships should be used. 
3.2.2. Microstructure Control in AI-Si Alloy Castings 
Aluminium-silicon (AI-Si) alloys form the largest family of the aluminium base casting 
alloys, ranging from simple binary to more complex alloy systems (19). Structurally, 
however, all of the alloys belong to three distinct groups; hypoeutectic (containing less than 
11.7% Si), hypereutectic (containing more than 13% Si), and eutectic (Si content between 
the two groups) (51). LM25, the alloy selected for the study, falls under the hypoeutectic 
group. 
The structure of hypoeutectic AI-Si alloys can be described in terms of the following 
characteristics: matrix grain size and shape (a-AI is the major matrix constituent), shape 
and distribution of eutectic and inter-metallic constituents (19). These structural features 
are mainly affected and can be varied by compositional adjustment, grain refining 
treatments of a-AI, by the cooling rate during freezing, or by heat treatment (19). 
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The metallographic structure in a cast product is frequently the outcome of physical 
conditions sought primarily to meet other needs of the foundry process, for example, 
directional solidification which assists feeding may also produce zones of columnar grains. 
Since mechanical properties of a casting are structure-sensitive, foundry conditions, in 
other cases, are directed primarily at structure control for the optimisation of mechanical 
properties in the product. 
To produce a casting of uniform composition and strength (isotropic properties), it is 
desirable to ensure that cast aluminium alloy products have a fine equiaxed grain structure. 
Excellent properties in aluminium alloys can only be obtained if a close-grained structure is 
achieved (74). 
There is a dependence between (a) the production parameters such as casting process, 
modification and heat treatment, (b) the mechanical properties and (c) the microstructure 
(46). The production parameters affect AI-Si alloy microstructure which consequently 
influences the mechanical properties. Process variables are, therefore, the principal means 
available for the control of microstructure and properties in castings. The main parameters 
for the control of microstructure are (19): 
(i) Melt condition - composition, superheat and pouring temperature; 
(ii) Cooling rate; 
(iii) Grain refinement; and 
(iv) Modification of eutectics. 
3.2.2.1 Melt Condition 
The melt chemistry has a significant effect on the mechanical properties of aluminium 
castings. Iron is one of the important impurities commonly found in aluminium casting 
alloys and its effect is detrimental to mechanical properties (45,75). The lower the iron 
content in the aluminium, the higher the elongation. Low iron levels also improve tensile 
and yield strengths. 
As iron can be readily picked up by aluminium from numerous sources, tools, scrap, etc., 
the tolerable amount (limit) can be easily exceeded if proper care is not exercised to avoid 
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contamination. The possibility of counteracting the detrimental effect of iron has been a 
subject of much research, leading to various methods being advocated, including rapid 
cooling (75). Generally, there are two preferred means. One is to keep the iron content as 
low as possible and the other, perhaps more practicable, is using certain trace additions as 
"neutralisers" (45). Addition of trace elements, such as beryllium, manganese, chromium 
and cobalt, is expected to neutralise the effect of iron. Of these trace elements, Be is said to 
be the most beneficial and effective (45). However, it must be recognised that, as the 
amount of iron and "neutraliser" increases, ductility and often the strength of the alloy 
continue to decrease compared with the properties of iron-free metal (75). It is important to 
note that Be is highly toxic. It is known that Be poses a serious health hazard due to 
inhalation. There is, nevertheless, an allowable limit of Be in the air, dependent on the 
exposure time, recommended by the World Health Organisation (76). Murali et al. (76) 
found that the addition of 0.2-0.3% Be, in the form of AI-4% Be master alloy, to AI-7Si-
0.3Mg was beneficial and effective and did not exceed the permissible exposure limit. 
Magnesium and silicon also create a variation in mechanical properties (45,77). During 
heat treatment, magnesium combines with silicon in the Al-Si-Mg alloy to form the 
intermetallic hardening constituent magnesium-silicide (Mg2Si). It is the solubility of this 
constituent in aluminium solid solution that makes the alloy amenable to heat treatment. 
Increasing the magnesium content results in higher tensile and yield strength, however it 
lowers the elongation in castings (45,77). In general, yield strength is the property most 
sensitive to the magnesium level (44). 
Additional silicon, over the amount required to form Mg2Si has a minor effect on 
mechanical properties (77). High levels of silicon will, however, lower the melting point of 
the alloy and provide improved fluidity for filling the moulds. 
The melt superheat effect on control of microstructure relates to its effect on the presence 
and survival of nuclei, especially the additions made during grain refinement and 
modification. In addition, high superheat produces coarsening, an effect which is 
undesirable if a fine equiaxed grain structure is to be achieved. 
Pouring temperature also exerts an influence on the microstructure. Generally, low pouring 
temperatures encourage copious nucleation on contact with cold mould surfaces and 
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minimise the time for growth of individual grains, hence promoting finer microstructures. 
To use pouring temperature as a means of controlling microstructure, it is necessary to cast 
from near the liquidus temperature. 
In most cases, melt superheat and pouring temperature are determined by other foundry 
requirements. For example, in complex castings there will be a wide range of thermal 
conditions and fluidity requirements that often makes it necessary to cast with a 
comparatively high degree of superheat. The use of pouring temperature to control 
microstructure is also a rather haphazard process since without the deliberate introduction 
of nucleating agents the nucleation process depends on the chance existence of suitable 
heterogeneous nucleants. For this reason it is usual to make additions of inoculants prior to 
casting. 
3.2.2.2 Cooling Rate 
A high cooling rate produces a refining effect upon both primary grain size and 
substructure features. The former influence is attributed to the increased number of 
effective nuclei with greater undercooling and accentuated growth restriction through 
concentration gradients ahead of the interface. The refinement of the substructure results 
from the increased frequency of branching of dendrite arms or eutectic phases with 
increased growth rate. Dendrite growth is the result of the thermal gradients formed in the 
cooling liquid; the faster the cooling rate, the finer the dendrite structure (51). The 
measurement of the dendrite arm spacing (DAS) reflects the cooling rate and mechanical 
properties of the casting. It is well known that, in cast alloys, cooling rate plays a vital role 
in influencing the mechanical properties, since the higher cooling rates promote finer DAS 
(45). 
High cooling rates (chilling) can result in grain sizes in the range of 0.1-1000 /lm (54). The 
finest sizes are achieved by the most rapid cooling which is possible in only very thin 
sections and using rapid solidification techniques. While the range of grain sizes achievable 
by chilling is greater than with any other grain refinement technique, the method itself is of 
limited usefulness in practice, since the rate of cooling is determined by the moulding 
method used (54). This in turn is usually determined by considerations other than grain 
size; such as economics, casting size, number of castings to be produced, etc. Moreover, 
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the rapid chilling of large castings produced by any method is usually impractical due. to 
the shear amount of latent heat which must be removed. At best, some local control of 
grain size can be achieved by the use of chills in critical locations. 
The dendrite arm spacing (DAS), which is not related in any direct way to the grain size, 
can be varied considerably by cooling rate and by choice of casting method (54). The DAS 
is far more important'in determining mechanical properties of multiphase alloys such as the 
family of AI-Si foundry alloys. Smaller DAS values are produced by faster cooling rates 
which are usually associated with finer as cast grain sizes, but it is the DAS and not the 
grain size which causes change in the mechanical properties (54, 56). 
Generally, cooling rate is only marginally controllable at the solidification stage, except by 
drastic changes in the moulding medium, as for example with the use of chills. In 
investment casting, control of the shell mould temperature is difficult because the heat 
content of the thin shell changes rapidly when it is withdrawn from a furnace (78). 
However, the shell has a high resistance to thermal shock, a factor which permits it to be 
poured at lower temperatures. This factor may be metallurgically important on certain 
occasions, for instance lower pouring temperatures could easily be used to achieve some 
structural refinement (78). 
3.2.2.3 Grain Refinement 
Grain refining treatments are widely employed in light alloy founding as a more practical 
way of achieving drastic structural modification at the casting stage. In aluminium casting 
metallurgy, the process of grain refinement is control of the grain size of the crystallising 
primary aluminium phase during solidification (56). Since the first effect of grain refining 
treatment is to suppress columnar growth, the structures in all treated alloys are developed 
from fine equiaxed primary grains, with beneficial effects on secondary dispersions (19). 
Three distinct metallurgical reactions are required to achieve proper grain refinement: 
constitution control; nucleation control; and growth restriction control (56). 
Grain refinement is based on the acceptance that heterogeneous nucleation on foreign 
substrates is the normal occurrence in commercial castings. Grain refinement is essentially 
addition of these foreign substrates as a means of providing additional nuclei or barriers to 
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rapid growth (19). Grain refinement can also be realised through dynamic nucleation 
whereby nucleation is induced by subjecting the liquid metal to dynamic stimuli (83). 
Various methods have been used to produce dynamic fragmentation of the growing 
dendrites, and thus promote equiaxed growth. All of the methods involve some degree of 
physical disturbance and differ only in the way this disturbance is produced. A major 
advantage of dynamic grain refinement is that it can, in one or other of its various forms, be 
applied to quite complex castings provided disruption of the mould is not produced (83). 
The need to have a rigid mould for the successful application of dynamic nucleation 
techniques places a major limitation on its use in investment casting since the shell moulds 
are more fragile and require careful handling. 
In conventional casting practice using stationary moulds and fairly quiescent melts, what is 
needed to promote grain refinement is a potent nucleation agent distributed in the melt and 
sufficient solute element present to yield a zone of constitutional supercooling at the 
solidlliquid interface which produces the undercooling necessary to activate the nucleation 
catalyst (79). A fine equiaxed structure can develop when: (a) nucleation starts 
simultaneously at a large number of centres and adjoining nuclei impinge upon one another 
fairly early in the process of their growth; and (b) excessive growth of anyone grain is 
restricted (80). The most widespread method of grain refining involves promoting 
solidification through heterogeneous nuclei which may be either externally introduced in 
the form of a fine dispersion or may be created through peritectic or chemical reactions 
which result in the formation of a solid reaction product. 
The primary phase, a-AI, is usually grain refined. DAS in hypoeutectic alloys is controlled 
by both grain refinement and the cooling rate during freezing (19). This in turn will affect 
the size and distribution of all dispersed constituents including silicon. However, the case 
of silicon is different and requires special considerations as discussed under "modification" 
later. 
Grain Refiners 
A grain refiner is an element or compound added to the melt in a very small amount which 
does not change the composition of the base material to a substantial degree (51). The most 
common and practical means of controlling grain size in aluminium alloy castings is the 
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deliberate introduction of grain refining elements such as titanium, boron, or zirconium. 
The common practice of grain refinement is by additions of master alloys containing 
titanium and boron. Initially, grain refinement was achieved by the use of the salts, KBF4 
and K2 TiF6, but these have now been almost totally replaced by the more efficient metallic 
alloys AI-Ti and Al-Ti-B (81). There are many products used in practice in amounts which, 
according to the AI-Ti equilibrium diagram, could originate the intermetallic compound 
Al3 Ti which is considered an acceptable nucleation substrate (82). Aluminium based 
master alloys containing titanium and boron are the most commonly used, and advances 
have led to lower addition rates (81). The binary AI-Ti alloys have to a large extent been 
replaced by the ternary AI-Ti-B alloys, which give the same degree of grain refinement at a 
much lower titanium addition rate (81). Grain size after an Al-Ti-B addition usually is 
smaller, and the addition remains active for a much longer time (84). 
Grain refining aluminium master alloy formulations with a range of TilB ratios are now on 
the market. The form and composition of any particular commercial master alloy will 
depend on the degree of grain refinement required, the alloy composition, and the type of 
casting process (85). The most widely used is AI-5%Ti-l %B in both wrought and casting 
alloy sectors (86). In direct chill ingot casting, the master alloy is usually added in rod form 
to the metal stream in the launder so the contact time (time required for the master alloy to 
achieve maximum efficiency) is usually short, e.g. 2-10 minutes, and there is considerable 
agitation present to promote distribution of the inoculants. In cast-to-shape applications the 
master alloy is usually in a waffle form and is added to a holding furnace; as a result much 
longer contact times are encountered. More stirring is required to keep particles in 
suspension. 
The correct use of grain refiners varies according to the application or the alloy used (84), 
but general guidelines are useful as starting points. Generally, the grain refiner is added to 
the melt before pouring and allowed to disperse throughout the molten metal. There is an 
optimum holding time for the melt before casting in order to achieve maximum grain 
refinement; this is a balance between achieving effective dispersion of the grain refiner by 
convection and gravitational settling and coalescence of the particles (26). In aluminium-
silicon alloys, such as 356 (AI-Si-Mg aHoy), total titanium content in the casting prior to 
the grain refining addition should be 0.15% or larger (84). Al-Ti grain refiner is not usually 
effective in high silicon alloys. It should be used only to bring initial titanium content up to 
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0.15% Ti. Then 0.01 - 0.02% Ti as aluminium-titanium-boron 5Ti-lB alloy can be added 
(84). 
The properties of cast alloys which contain a large fraction of eutectic, such as the AI-Si 
alloys, are much less dependent on grain sizes, and grain refinement of these alloys is of 
lesser value (54). The brittle eutectic silicon phase determines properties in these alloys, 
and hence eutectic modification becomes much more important than grain refinement. In 
addition to the eutectic silicon size and shape, the dendrite arm spacing (DAS) determined 
by the cooling rate through the mushy zone is of prime importance. However, it is 
generally agreed that the casting characteristics of aluminium and its alloys are improved 
when a melt solidifies into fine grains instead of coarse (80). When solidification produces 
finer grains, not only is the grain size uniform throughout the cross section but the casting 
has reduced risk of hot-tearing or cracking in the mould. The tendency towards shrinkage 
porosity is also reduced as a result of the better feeding characteristics when solidification 
proceeds simultaneously from a very large number of nucleation centres (87). Product 
performance is improved as a result of reduced grain size and increased structural 
uniformity (87). 
3.2.2.4 Modification of Eutectic Silicon 
The eutectic silicon phase in hypoeutectic AI-Si alloys can occur in various morphologies, 
from coarse platelets to a fibrous, seaweed-like form (88). The change in silicon 
morphology is referred to as modification. The eutectic silicon in unmodified AI-Si casting 
alloys is present as coarse and polyhedral structures and consequently the casting exhibits 
poor mechanical properties (89). In the modified state, the Si eutectic occurs in the form of 
very fine, well distributed fibres in the AI matrix, appearing in the microstructure as small 
globules (90). This modified structure is the result of a change in the mode of growth and 
not the result of a change in nucleation (83). Modification is achieved either by rapid 
cooling or by small additions of certain elements of group lA, llA and lanthanides (88). 
Three different eutectic structures, namely acicular, lamellar and fibrous, are 
distinguishable in AI-Si alloys through the process of modification (91). The 
transformation of silicon crystals into fibrous form is accompanied by improvements in 
ductility with little or no effect on the tensile and yield strength (55). The degree of 
modification is extremely important in castings, especially in hypoeutectic alloys such as 
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356 (AI-Si-Mg) types (46,55,89). For a given rate of solidification, the mechanical 
properties depend on the fineness of the eutectic silicon particles. For best results, the 
modifying agent and degree of modification should be carefully examined for each separate 
application (55). 
The silicon morphology is basically the same in both cooling rate-modified and the 
additive-modified alloys (83). Cooling rate is generally not an effective way to achieve 
complete modification. Melt treatment, through addition of certain elements, is the 
preferred route to achieve complete modification. Sodium (Na) and strontium (Sr) are 
currently the only elements to achieve extensive commercial use. Antimony (Sb), though 
widely used in some areas, does not have the same effect on eutectic silicon as does sodium 
and strontium. Whereas Na and Sr modification can convert the eutectic silicon structure 
from acicular to fibrous, Sb can only alter the eutectic silicon morphology from acicular to 
lamellar (91). 
Sodium was the first element to be used in practical application to bring about 
modification. It is a very efficient modifying element. Sodium, however, is extremely 
volatile and presents the inconvenience of rapid fading by evaporation and oxidation during 
holding in the molten state (90). Prolonged holding necessitates periodic renewal of the 
treatment with the risk of irregular results. Alloys modified with sodium attack crucibles, 
mould coatings and tools more aggressively. Furthermore, sodium is not easy to add as it 
must be added either as a salt or as the pure, reactive metal (84). Because of these 
drawbacks with Na modification, the use of Sr grew rapidly. When the casting process is 
optirnised, Sr is stable over time and the production is highly reproducible (91). 
Because of its long-term modifying effect, strontium has become a preferred modifier of 
AI-Si casting alloys compared to sodium (92, 93). The effect of strontium on the AI-Si 
eutectic is comparable to that of sodium. Due to its many advantages over sodium, 
strontium has replaced sodium in most applications (92). These advantages include the 
following (84, 92): 
(i) Strontium is much easier to add, since it is available in master alloy form. There 
is no difficulty in controlling the concentration. 
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(ii) Strontium suffers very little oxidation at normal holding temperatures compared 
to sodium. This makes it possible to melt and cast an alloy several times before 
the modification is lost. 
(iii) It is easier to produce a gas-free melt with strontium than with sodium. Because 
strontium does not oxidise, it is possible to degas after modification with pure 
nitrogen or argon and not lose the strontium modification. 
For a given set of casting conditions and alloy composition, there is a certain level of 
modifying agent required to produce a well-modified microstructure. When considering 
modification using modifiers, the coarseness of the original unmodified as-cast 
microstructure and the composition of the AI-Si alloy are factors to consider (94). A higher 
Si content requires more modifier. The presence and amount of phosphorus in the alloy has 
an influence. The amount of modifier needed is greater as the phosphorus content 
increases. In addition, the coarser the unmodified microstructure the more the modifier 
needed for full modification. The optimum level will also vary with the casting process 
(94). 
The preceding comments indicate that it is not really possible to specify a precise optimum 
level of modifier applicable to all conditions. Pan et al. (95) present a summary of the 
optimum Sr ranges for silicon modification reported in the literature. This revealed a rather 
wide variation in Sr which was attributed to a number of factors, including purity of charge 
materials (e.g., P, Li, or Sb content), casting solidification rate (due to section size, mould 
materials, etc.) and method of report (e.g., addition or analysis). The general picture was 
that 0.005-0.015% Sr was sufficient for relatively thin section permanent mould castings, 
while 0.015-0.03% Sr would be required to achieve full modification in heavy sand 
castings characteristic of low cooling rates. The Association of Light Alloys Refiners (29) 
has also made recommendations based on the silicon content of the alloy. Strontium is 
added at a level of 0.02% for 7% silicon alloys, and at 0.04% for 12% silicon alloys. These 
additions would be affected by the cooling rate, that is, the higher the cooling rate, the 
lower the amount of modifier required. The largest range of Sr addition is reported by 
Paray and Gruzleski (94), which lies between 0.002-0.08%. Additions of 0.002% Sr and 
less would lead to undermodified structures while those at 0.08% Sr and above would 
result in overmodified structures. 
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3.2.3 Melt Treatment and Porosity 
There are, generally, three major melt treatment processes carried out in aluminium alloy 
castings: degassing, grain refinement and modification. Besides their effects on properties, 
they exert some influence on the level of porosity in the casting. 
The relationship between hydrogen and porosity is a well documented phenomenon and 
porosity caused by dissolved gas can undoubtedly be minimised by degassing. On the other 
hand, few data exist in the literature on the effect of grain refinement on the porosity. It is, 
nonetheless, envisaged that grain refinement can reduce porosity as a result of enhanced 
mass feeding which accompanies grain size reduction (96). LaOrchan and Gruzleski (96) 
found that grain refinement, acting singly or in combination with modification, reduces 
microporosity, particularly in castings that solidify slowly. 
The relationship between porosity and modification is frequently mentioned in the 
literature. Sodium and strontium modification is associated with an increased tendency to 
produce more porous castings. There is little doubt that some relation exists between 
modification of AI-Si foundry alloys and the soundness of castings produced from the 
alloys. Since hydrogen is one of the main causes of porosity, it is often assumed that 
modifiers "gas" the melt, i.e., that somehow the addition of a modifier either adds hydrogen 
directly to the liquid alloy, or causes the melt to absorb hydrogen at a faster rate than 
normal. 
A careful reading of the literature, however, indicates that there is simply no convincing 
evidence to support the contention that modified melts contain more dissolved hydrogen. 
As to the relative behaviour of sodium, strontium and antimony in this regard, it is agreed 
that antimony does not increase porosity, but rather decreases it slightly. Opinions about 
the influence of sodium and strontium are quite confused, with some researchers claiming 
that strontium causes more porosity than sodium, while others claim the reverse (54). 
A modification treatment with either sodium or strontium could increase the hydrogen 
content of the melt by one or a combination of the following three mechanisms (54): 
(i) the direct addition of hydrogen to the melt along with the modifiers; 
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(ii) an increase in the rate of hydrogen pickup by a modified melt; 
(iii) an increase in the hydrogen solubility of a modified melt. 
The last mechanism is not considered to be important since the hydrogen level in 
aluminium alloy melts almost never attains the solubility limit (54). Thus, in practical 
terms, a modification treatment could add hydrogen either directly, or by influencing the 
subsequent rate of hydrogen absorption. 
Several studies were conducted at McGill University (97,98,99), under highly controlled 
conditions, in an attempt to explain the foundryman's observation that sodium or strontium 
modified castings are more porous than unmodified castings. In these studies, it was 
demonstrated that there is virtually no change in hydrogen content in the melt during 
strontium modification. Addition of elemental sodium introduces hydrogen into the melt if 
extensive turbulence of the melt occurs upon addition. In the absence of the violent 
reaction which accompanies pure sodium addition, no hydrogen increase occurs, and 
sodium behaves in an almost identical manner to strontium. It was also observed that 
modification with either strontium or sodium does not affect regassing rates of the melt. In 
addition, the presence of strontium in the melt does not retard the degassing rate when inert 
gases are used. 
Since the addition of a modifier neither changes the dissolved hydrogen level of a melt nor 
leads to an increased rate of hydrogen pickup, the increased porosity observed in modified 
castings cannot be due to hydrogen. In their studies, Argo and Gruzleski (99) stated that the 
increased porosity brought about modification is, in fact, associated with the change in the 
pattern of porosity distribution, rather than the increase in hydrogen content. They observed 
that total shrinkage, which is an alloy property, is not affected by modification. However, 
the way in which this shrinkage is distributed between macro-piping and micro-shrinkage 
depends strongly on whether or not the alloy is modified. Both sodium and strontium cause 
a significant diminution of the primary pipe and an increase in the amount of microporosity 
(54). In other words, shrinkage porosity is redistributed from primary piping and localised 
macroporosity to microporosity. Thus, the casting is more porous, not due to more 
dissolved gas, but rather due to what appears to be a fundamental feature of the 
modification process. 
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Modified castings very often do contain fine internal porosity. The resulting porosity could 
be beneficial provided it does not create serious problems such as a degradation of required 
mechanical properties. Internal or surface shrinkage cavities may be eliminated by 
modification (54). However, there may be cases where dispersed porosity becomes 
undesirable. In such cases, porosity in modified castings could be controlled through the 
following three aspects of melt treatment and moulding (54): 
(i) hydrogen gas control in the melt; 
(ii) chilling and directional solidification in the mould; 
(iii) gating and riser (feeder) design. 
The reduction in porosity associated with degassing and grain refinement has led to 
suggestions that porosity could be minimised by a combination of modification with the 
other two melt treatment processes. In this regard, LaOrchan and Gruzleski (96) found that 
at low hydrogen level (0.1 cc/lOOg AI) the melt treatments had no evident effect on the 
amount of porosity. 
3.3 HEAT TREATMENT 
Apart from chemical composition and melting and casting techniques, heat treatment 
constitutes the next important parameter influencing properties of Al-Si-Mg alloys (45). 
Heat treatment is a thermal modification of casting alloys in the solid state to impiove their 
mechanical properties. 
Heat treating, in its broadest sense, refers to any of the heating and cooling operations that 
are performed for the purpose of changing the mechanical properties, the metallurgical 
structure or the residual stress state of a metal product. When the term is applied to 
aluminium alloys, however, its use frequently is restricted to the specific operations 
employed to increase strength and hardness of the precipitation-hardenable wrought and 
cast alloys (lOO). Thermal treatment of aluminium castings involves carefully controlled 
heating and cooling. Each phase of this process is critical to the casting process and the 
engineering application: 
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There are several different heat treatment tempers used on aluminium castings (100,101). 
The T6 (in some cases T7) tempers give the optimum balance of strength and ductility and 
is most commonly used with aluminium alloy castings (102). Commercial Al-Si-Mg alloy 
castings (e.g. LM25) are generally heat treated to the T6 condition in order to achieve 
desired strength in the component. The T6 structures produce higher strengths because of 
the greater amount of fine Mg2Si precipitates formed during aging (102). 
Heat treatment to increase strength of aluminium alloys is a three step process (100): 
(i) Solution heat treatment: dissolution of soluble phase; 
(ii) Quenching: development of supersaturation; 
(iii) Aging: precipitation of solute atoms either at room temperature (natural aging) 
or elevated temperature (artificial aging or precipitation heat treatment). 
The enhancement in tensile properties in Al-Si-Mg alloys after heat treatment has largely 
been attributed to the formation of non-equilibrium precipitates of Mg2Si within the 
primary dendrites during aging and the changes in Si particle characteristics resulting from 
solution treatment (102). The extent of the structural changes resulting from heat treatment 
are determined by the temperature and the duration of solution and aging processes. 
3.3.1 Solution Heat Treatment 
The solution treatment of the casting produces the following effects (102): 
• Dissolves Mg2Si particles; 
• Homogenises the casting; and 
• Changes the morphology of eutectic Si. 
The process consists of soaking the alloy at a temperature sufficiently high and for a time 
long enough to achieve a nearly homogeneous solid solution. To obtain a maximum 
concentration of Mg and Si particles in solid solution, the solution treatment temperature 
should be as close as possible to the eutectic temperature. The control of temperature is 
very critical because if the eutectic temperature is exceeded, grain boundary melting 
(liquation) will occur, and the alloy will become brittle and lose mechanical properties 
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(51). This condition is detectable only by metallographic examination and the damage is 
irreversible. In addition, solidification variables in some alloy constituents may cause them 
to melt below the eutectic temperature, thereby forming complex eutectics that are 
detrimental to mechanical properties (51). A proper solution temperature is, therefore, one 
which is high enough to form a solid solution without exceeding the melting point of the 
eutectic or any other constituents. In most cases, the 356 and 357 type alloys are 
solutionised at 540 ± 5 QC (102). At this temperature, about 0.6% Mg can be placed in 
solution. 
The solution treatment homogenises the cast structure and minimises segregation of 
alloying elements in the casting (100). The segregation of solute elements resulting from 
dendritic solidification may have an adverse effect on mechanical properties. The time 
required for homogenisation is determined by solution temperature and by dendrite arm 
spacing. The segregation of Mg and Si in the aluminium solid solution phase is not severe 
and, consequently, homogenisation and dissolution of Mg2Si occur in a short period (103). 
The times required for homogenisation of the casting depend on section thickness and are 
invariably less than 1 hour. The rate of homogenisation is not affected by the chemical 
modification of the structure. 
The Si particle characteristics are also altered during solution heat treatment (102,103). The 
Si particles undergo spheroidisation and coarsening during solution treatment. Both 
spheroidisation and coarsening are surface energy driven, that is the system tries to reduce 
excess surface area to the minimum possible (102). Shivkumar et al. (103) found that the 
rate of spheroidisation is extremely rapid in modified alloys, as would be expected. The 
practical implications of this modification effect is that the long solution times used in 
most foundries may not be necessary when the alloy is properly modified. 
The solution and homogenisation process is largely dependent upon diffusion. Castings 
should be held at the solution heat treating temperatures long enough to dissolve the 
soluble constituents. The time required for solution treatment (soak time) depends on the 
casting thickness, alloy and the solidification rate of the casting. These factors establish the 
size and distribution of the precipitate phases. In short, the as cast microstructure plays an 
important part in determining the soak time. Typically, LM25 is solution heat treated 
between 525 and 545 QC for 4 to 12 hours (29). A solution temperature of 540 QC is used in 
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most foundries (103). At this temperature, Shivkumar et al. (103) found that the optimum 
solution times in modified A356.2 alloys (Al-Si-Mg type) are of the order of 3 to 6 hours in 
sand castings and 1 to 2 hours in permanent mould castings. 
3.3.2 Quenching 
Following the solution treatment castings are quenched, usually by immersion in water 
(101). The purpose of quenching is to suppress the formation of equilibrium Mg2Si phase 
during cooling and retain the maximum amount in solution to form a supersaturated solid 
solution at low temperature. The quench interval (quench delay) and quench media are the 
parameters that control the effectiveness of this treatment. hnpact strength, % elongation 
and UTS vary inversely with water temperature and with quench delay (102). 
To secure maximum mechanical properties, the quench interval, i.e. the time elapsed from 
the time the furnace doors are opened until the load is immersed in the quenchant, should 
be as short as possible (55). In order to ensure proper sub-microscopic and uniform 
dispersion of Mg2Si during aging, it is important that the quench be performed within 30 
seconds after the load is removed from the furnace (102). If the quench can be attained 
within 10 seconds, the dispersion of Mg2Si will be even more uniform and maximum 
properties are obtained under these conditions. Nevertheless, quench intervals of 10 - 20 
seconds are desirable (101). Maximum quench delay must ensure complete immersion 
before the parts cool below 400 0C (100). 
The quenchant must have sufficient volume and heat capacity, and flow rate where 
applicable, to provide rapid cooling. A rapid quench will ensure that all Mg2Si is retained 
in solid solution, and the highest strength attainable is obtained with fast quench rates 
(102). Slow cooling through the 399 - 260 0C range must be avoided to prevent 
appreciable precipitation. Although the cooling rate between 399 and 260 0C is most 
critical and must be extremely high for many high-strength alloys, it cannot be directly 
measured in production operations (100). It is usual to rely on standardised practices, 
augmented by results of tensile tests (100). In most cases, castings are quenched in water 
whose temperature is between 25 and 100°C. 
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The highest strengths attainable are achieved with the fastest quench rates. The more rapid 
the quench, the more complete the retention of the solid solution and the more effective 
will be the subsequent precipitation hardening. The limiting factors on the quench rate are 
distortion and residual stresses that are introduced to the casting by rapid quenching. When 
a water quench is used the temperature of the quench water is usually near the boiling 
point. In special circumstances water temperature as Iow as 660C may be used to improve 
mechanical properties. Conversely an air quench may be used to minimise distortion and 
residual stresses. The quench rate can be reduced in thin sections (which are more prone to 
distortion) by quenching in oil or commercially available polymer-based compounds (102). 
Uniform cooling is very important since non-uniform cooling may result in warped or 
cracked castings. 
3.3.3 Age (Precipitation) Hardening 
Solution treatments improve the ductility and also slightly increase the strength of 
aluminium castings. To develop maximum mechanical properties an aging (or precipitation 
hardening) treatment is used. 
When a solution treated alloy is quenched to room temperature, the alloy is a 
supersaturated solid solution. At room temperature the hardening process begins with a 
slow precipitation of the solute compounds. This natural aging process requires a long 
period of time, even years, before any appreciable hardening occurs. This hardening 
process can be speeded up by aging the castings for several hours at 149 - 260 0C (artificial 
aging) (101). The time and temperature will vary with the alloy and temper desired. To 
obtain a T6 temper in cast Al-Si-Mg components, the castings are aged between 155 and 
175 °C for 4 to 12 hours (29,104). This aging treatment enhances yield strength and 
ultimate tensile strength substantially, while there is a reduction in ductility (104). In most 
cases, the castings are used in the underaged condition to obtain an acceptable combination 
of strength and ductility (104). 
Maintaining quenched castings at a temperature below the final artificial aging temperature 
for extended periods is termed preaging (102). This temperature may be equal to, above, or 
below room temperature. In most cases, castings are stored at room temperature for periods 
ranging from 4 to 48 hours (102). (Note that the present specifications on T6 heat treatment 
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provide no guidelines for controlling the preaging intervals.) Storing quenched castings at 
room temperature (natural aging) before high temperature aging reduces yield strength and 
UTS while % elongation increases (102). The results of Shivkumar et al. (104) on the 
effects of storage at room temperature on T6 properties of A356.2 permanent mould and 
sand castings showed that the strength properties may be lowered by about 10 to 20%. It 
was concluded that maximum strength values may be obtained when the castings are aged 
immediately after quenching. 
The aging temperature and time are two variables that can be used to control the properties 
of the heat treated part. Artificial aging is characterised by the behaviour in which strength 
and hardness increase to a maximum, and subsequently decrease in the overaged state 
(105). When the alloy is not fully aged, strength properties increase while elongation 
decreases. During overaging, strength and ductility both decrease (102). Normally, 
precipitation hardenable alloys, if aged to peak strengths, have minimum elongation values 
(105). Therefore, these castings are seldom aged to the peak strengths but to achieve an 
acceptable combination of tensile strength and ductility. The underaged condition is that 
most encountered in practice (102). 
Among the alloying elements that may be present in cast AI-Si-Mg alloys, only Ti seems to 
have a major influence on the aging process (102). The aging characteristics of sand cast 
A356 and A357 alloys grain refined with Ti were studied by Misra and Oswalt (105). The 
results showed an initial decrease in elongation with aging time, reaching a minimum at 
about 9 hours, and then increasing to reach a local maximum after about 11 hours of aging. 
Subsequent increases in aging time reduced elongation. This effect was pronounced at 
small values of DAS. Interestingly, the secondary elongation peak also corresponded to the 
optimum strength properties. This secondary elongation behaviour could be potentially 
beneficial in improving the overall tensile properties of Al-Si-Mg alloy castings. 
There are three heat treated conditions commonly used for LM25 (29): 
(i) TE - precipitation treated [T5] 
(ii) TB7 - solution treated and stabilised [TI] 
(iii) TF - fully treated [T6] 
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(Note: The tempers are B.S. designations while those in square brackets are USA 
equivalents.) LM25 is generally used in the TF condition. To obtain this condition, the 
alloy is aged between 155 and 175°C for 8 to 12 hours (29). A complete list of heat 
treatment specifications for the various tempers is given in Appendix 1. Published 
mechanical properties for aluminium alloys are presented in Appendix 2. 
3.4 SUMMARY 
The trends toward aluminium investment casting and the rising demand for high quality 
components has given a fresh impetus to improve their quality. Cast Al·Si-Mg alloys have 
been widely researched because of their extensive use in a wide variety of applications 
requiring a high strength-to-weight ratio. A review of the existing information has shown 
that the mechanical properties of these alloys are determined primarily by chemical 
composition, molten metal processing, casting technique, and heat treatment. It was, 
however, observed that most of the work was done for two different casting techniques: 
sand casting and permanent mould casting. The results have demonstrated that under 
similar processing conditions different casting processes yield products of the same alloy 
with considerable differences in mechanical properties. There is, therefore, the need to 
evaluate the effect of process variables in investment casting. 
It is clear from the literature that many variables affect the production of castings; and 
changes in any can affect the reproducibility of sought mechanical properties. A summary 
of property improvement in aluminium alloys is presented in fig. 3.2. Effective means to 
monitor and control identifiable variables are, therefore, essential in the production of 
premium castings. The effects of some variables on the casting properties may be estimated 
from theory. However, precise prediction of the effects of many variables, including setting 
their optimum ranges for optimum properties, is difficult because the effect of the 
variables depend on application. 
To produce high quality castings with little scrap consistently, it is necessary to optimise 
metal quality prior to casting. The important molten metal processing steps include: 
degassing of aluminium, inclusion removal by filtration, grain refinement, modification of 
the eutectic silicon, thermal analysis testing of the melt, and adjusting the metal 
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composition - amount of Mg, Fe, Mn, etc. Cooling rates and heat treatment also play a vital 
role in property improvement during subsequent casting processes. Controls are also 
required over mode of fluid flow (non-turbulent metal flow to avoid oxide inclusions is the 
objective) and feeding. To optimise the casting properties in a specific casting technique 
application, the following parameters need to be evaluated: 
(i) Degassing: The level of hydrogen content appropriate for the application. 
(ii) Filtration: Selection of the correct filter type and size. Since filter flow rates and 
capacities depend on application, alloy type, temperature, metal head height and 
metal cleanliness, experimental determination of filter size is necessary. 
(iii) Melt treatment: Selection of grain refiner and modifier. Where little or no theory 
is available, the optimum grain refiner and modifier additions have to be 
determined experimentally. 
(iv) Heat treatment: The best combination of strength and ductility is obtained in the 
underaged T6 condition. The aging time to obtain this condition is dependent on 
the required property combination. For the best combination of strength and 
elongation values, the possibility of the secondary elongation peak: in grain 
refined castings needs to be checked. 
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Fig. 3.2 • Improvement of Mechanical Properties in Aluminium Alloy Castings. 
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CHAPTER 4 
EXPERIMENTAL DESIGN AND PROCEDURES 
4.1 INTRODUCTION 
The most frequent requests for technical information about castings pertain to mechanical 
properties, particularly ultimate tensile strength (UTS), yield strength (YS) and percentage 
elongation (%EL). Typical and minimum mechanical properties commonly reported for 
castings of particular aluminium alloys are determined using separately cast test bars. 
Although properties of these test bars do not represent properties in all sections and 
locations of full-size production castings, they are useful in determining relative strengths 
of the various alloy/temper combinations (106). Nonetheless, casting properties can still be 
predicted from test bars by defining the correlation between test results from specimens cut 
from the casting and separately cast specimens (107). Separately cast test bars were used to 
study the effect of processing variables on the properties of investment cast LM25 alloy. 
4.2 INVESTMENT CAST TEST BARS 
4.2.1 Wax Patterns and Assembly 
The wax was melted and injected into an aluminium die to form the wax patterns of the test 
specimen. The patterns were produced with two gates located at the top and bottom (fig. 
4.1). The patterns were then welded to a down sprue to form an assembled wax tree with a 
modified standard 'G' test piece assembly (108) as shown in fig. 4.2. In each tree there were 
four test specimens. To ensure a bottom run casting, the top ingates were inclined upwards. 
This layout of the specimens was based on the work of Brezina and Kondic (109). The 
gates and sprue were dimensioned so as to compensate for solidification shrinkage of the 
specimens. The procedure used is outlined by Rarna Prasad and Kondic (110). 
The configuration of the wax pattern assembly was further modified to incorporate a 
ceramic filter as shown in fig. 4.3. In this layout there were five (S I-SS) test specimen 
castings per mould, two of these were filtered (S4 and SS). One filter was used per mould 
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placed vertically between the casting grid and a remote sprue. The entire layout was 
designed for bottom run castings. 
Fig. 4.1: Test Specimen Wax Pattern 
4.2.2 Ceramic Shell Moulds Manufacture 
The ceramic shell moulds were produced using a colloidal silica binder. The shell 
preparation consisted of one primary dip of a base formulation: 
• 33% colloidal silica binder (no dilution) 
• 67% molochite flour (-200 mesh) 
• wetting agent (synperonic) (0.3% of binder weight) 
The slurry viscosity was tested with a Baume Scale. A Baume Scale reading of 66-68 was 
maintained for the primary dip. The backup stucco was a -30 +80 grade molochite. Five 
backup coats were employed and were formulated similarly to the primary coat with a 
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Baume Scale value of 64-66. All the coats were applied to the assembled wax tree using 
standard procedures. The nominal final shell thickness was 6 mm. The dried ceramic shell 
moulds were dewaxed and fired to 1000 oC, ready for pouring. The test bars were cast 
entirely in a ceramic mould without artificial chilling. 
~+-----{I 
~----(2 
.-f---{.4 
25 mm 
Fig. 4.2: Ceramic Mould Layout - Four Test Pieces per Mould 
Mould Assembly Measurements: 
Part No. 
I Conical Pouring Cup, 55 mm high. 
2 Parallel sprue, 25 mm square cross-section x 145 mm. 
3 Top Ingate, 20 x 18 mm section x 25 mm (top part). 
4 Test specimen, 16 mm diameter x 74 mm height. 
5 Bottom Ingate, 20 x 18 mm section x 45 mm. 
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1 
Test Spe~cinlen, 
) 
POURING CUP 
(Conical 55 high) 
170 
20 
25 
S2 
20 ~ ,--_S_I_-1 
l,....=::::;"-
S3 
18 
~ 
24 (INLET) 
21 (OUTLET) 
r.===:;- FILTER 
ss 20x 18 X-Sect. 
45 (INLET) 
30 (OUTLET) 
Fig. 4.3 • Front and Top View of the Gating System in the Shell Layout. 
Dimensions are in millimetres. 
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4.3 EXPERIMENTAL MATERIAL 
Alloy composition is one of the factors which affects the actual mechanical properties of 
castings, whether of separately cast test bars or of full-size castings. To ensure that the 
starting alloy composition of each experimental heat was the same, the experimental 
material was prepared from pre-alloyed LM25 ingots. The chemical composition of the 
supplier certified alloy is given in Table 4.1. The composition used in Series I of the 
experiments is designated as I. All the subsequent experiments used material IT. The 
material composition is compared to the British Standard specification (BS 1490) (108) of 
LM25 alloy. 
TABLE 4.1 
Chemical Composition of the LM25 Alloy Used in the Experiments 
Element eu Mg Si Fe Mn Ni Zn Ph Sn Ti AI 
(wt%) 
BS1490 0.20 0.20- 6.5 - 0.5 0.3 0.1 0.1 0.1 0.05 0.2 Ba! 
max 0.6 7.5 max max max max max max max 
I 0.18 0.49 6.9 0.33 0.09 0.Q2 0.04 <0.01 <0.01 0.08 Bal 
II 0.10 0.52 7.0 0.43 0.21 0.02 0.01 <0.01 <0.01 0.10 Bal 
Preparation of the experimental material was standardised. The ingots were melted in a 
clay-graphite crucible, using an electric resistance furnace. Control of the melt hydrogen 
content was by degassing the melt with a lance using dry nitrogen gas as the degassing 
agent. The hydrogen level was determined using a Qualitative Reduced Pressure (QRP) test 
unit. During series I of the experiments, regassing of the melt was necessary at times and 
was achieved by artificial gas enrichment with moist refractory material. The melt was 
poured after attaining the required hydrogen level and pouring temperature. 
4.4 EXPERIMENTAL PROCEDURES 
Four series of experiments were conducted to assess the effects of melt hydrogen content, 
filter usage, grain refinement, eutectic silicon modification, heat treatment, pouring and 
shell preheat temperatures on the structure and tensile properties of investment cast LM25 
alloy. A description of these procedures follows. 
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4.4.1 Series I: Melt Hydrogen Content 
In this series, the effect of melt hydrogen content, pouring temperature and shell preheat 
temperature on the casting porosity, pore morphology and tensile properties of investment 
cast LM25 were studied. 
Four batches of 6 kg ingots were prepared with the hydrogen content controlled to the 
following four target levels: 0.05, 0.15, 0.25 and 0.35 cc/lOOg AI, respectively. The test 
specimens were cast in air in shell moulds (fig. 4.2) with preheats ranging from 100 0C to 
500 oc. Shells were also poured at ambient temperature. The pouring temperature was 
varied from 680 0C to 770 0C. For each mould preheat and hydrogen level, four moulds 
were poured, each at a different pouring temperature. During the cooling of the melt from 
the highest pouring temperature (770 DC) to the lowest pouring temperature (680 DC), it was 
assumed that the hydrogen level in the melt remained unchanged, that is, melt regassing 
was negligible during the pouring sequence. The combinations of process variables 
considered are shown in Table 4.2. 
The assessments carried out in this series were porosity quantification, metallographic 
examination and tensile testing. The porosity contents of the tensile specimens were 
evaluated by density measurements using Archimedes' principle. For all density 
measurements, a minor amount of Evans Pink Pearl Soap was added to the water bath as a 
surfactant to increase the wetting of samples. 
The amount of porosity in a sample was quantified by the relation: 
% Porosity = 
Theoretical Density - Apparent Density 
h 'alD . x 100% T eoretic enslty [4.1] 
The theoretical density is the density of the alloy without porosity. The apparent density is 
the density of the specimen. In this study, theoretical density was calculated from squeeze 
cast specimens, which are theoretically porosity free, whereas apparent density was 
calculated from the investment cast specimens. Quantitative determination of porosity 
morphology and size was done by examining unetched specimens with an optical 
microscope. 
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TABLE 4.2 
Combination of Process Variables of Series I 
Mould Temp. Pouring Temp. Hydrogen content 
(oC) (oC) (ccllOOg) 
680 0.06, 0.15, 0.25. 0.38 
Ambient 710 0.06, 0.14, 0.24, 0.39 
740 0.02, 0.15, 0.23, 0.37 
770 0.06, 0.16, 0.27, 0.37 
680 0.06, 0.16, 0.22, 0.37 
100 710 0.06, 0.16, 0.22, 0.37 
740 0.06, 0.16, 0.22, 0.37 
770 0.06, 0.16, 0.22, 0.37 
680 0.03, 0.14, 0.24, 0.37 
300 710 0.03, 0.14, 0.24, 0.37 
740 0.03, 0.14, 0.24, 0.37 
770 0.03, 0.14, 0.24, 0.37 
680 0.03, 0.15, 0.22, 0.37 
500 710 0.03, 0.15, 0.22, 0.37 
740 0.03, 0.15, 0.22, 0.37 
770 0.03, 0.15, 0.22, 0.37 
4.4.2 Series 11: Filtration 
The effect of using a ceramic foam filter on the tensile properties of investment cast LM25 
was evaluated in this series. The filters used were 50x50x22 mm with 20 pores per inch, 
sedex filters supplied by FOSECO. One filter was used per mould (fig. 4.3). The effective 
filter area was three times the preceding runner area. The area was arrived at after 
preliminary experiments (111) and reference to manufacturer's literature (73). 
The test specimens were cast in air in shell moulds (fig. 4.3) with preheats of 250 0C and 
500 oc. Shells were also poured at ambient temperature. The pouring temperature was 
varied from 680 0C to 770 0C. Shells at ambient and 250°C were poured from the same 
heat prepared by melting 12.5 kg LM25 ingots. 6.5 kg LM25 ingots were melted to prepare 
the second heat to pour shells at 500°C. In all these heats the hydrogen content was about 
0.10 cc/lOOg Al. Table 4.3 gives the combination of shell and pouring temperatures used in 
the study. 
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TABLE 4.3 
Variables of Series 11 
Shell Temperature 
(oC) 
Ambient 
250 
500 
Pouring Temperature 
(oC) 
680 
710 
740 
770 
680 
710 
740 
770 
680 
710 
740 
770 
4.4.3 Series Ill: Grain Refinement and Modification 
The purpose of this series was to study the effects of grain refinement and modification on 
the structure and tensile properties of investment cast LM25. A standard grain refiner, AI-
4.92%Ti-l %B, and a standard modifying agent, AI-1O.23%Sr, supplied by London & 
Scandinavian Metallurgical Co. Ltd, were used. 
The grain refiner was supplied in 50 cm length rods each weighing 100g, and an addition 
of one rod per 5 kg melt batch yielded 0.096% Ti. The addition rates were made in terms of 
the number of rods required per melt batch. Three titanium levels were studied, namely 
0.096%,0.189% and 0.278%. The sequence for titanium additions was as follows. After 
melt down of the ingots, the temperature was brought to between 710 °C and 740°C. The 
required number of master alloy rods were then added. The melt was, immediately, 
degassed for 20 minutes. The melt surface was skimmed and the metal poured. Four heats 
(melt batches) were produced in this part of the series for the three titanium levels studied 
including one without any additions. The holding time after treatment was constant. 
However, the gas level varied from 0.02 to 0.08 ccll OOg Al with increasing Ti addition. 
The modifier was supplied in nominal 6.5 kg waffle plates. To get the level of strontium 
required, the amount of modifier to be added was cut from the waffle plate and immersed 
into the melt. The strontium levels studied were 0.005%, 0.010%, 0.015% and 0.02%. The 
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procedure to add strontium to the melt was as follows. For each heat, 5 kg of charge 
material was prepared and its temperature brought to about 740°C. The melt was degassed 
with dry nitrogen using a lance for 20 minutes. The surface was skimmed and a known 
amount of modifier to attain the desired level of strontium was immersed into the melt. The 
melt was immediately stirred followed by another 20 minutes of degassing. The melt 
surface was finally skimmed and the metal poured. Four heats were prepared for this part 
of the series. The holding time after modification was constant. The gas level was about 
0.06 cc/100g AI. 
Modification and grain refinement used in combination was also studied. For the 
combination of modification and grain refinement, Sr and Ti master alloys were added at 
the same time before final degassing of the melt. For this part, the optimum Sr addition was 
used while Ti was added at two levels, 0.19 and 0.28%, and the gas levels were 0.08 and 
0.06 cc/100g AI, respectively. 
For each heat, three investment shell moulds (figo4.3) held at ambient, 250°C and 500 QC, 
respectively, were poured at 710°C. A single pouring temperature was used in these 
experiments because results from Series I and IT showed that the pouring temperature in the 
range 680 to 770 °C did not have a significant effect on the structure and tensile properties 
of investment cast LM25. The analysis and testing programme comprised of optical 
metallography and tensile testing. 
The experimental design for the entire series ill is presented in Table 404. 
4.4.4 Series IV: Heat Treatment 
The heat treatment parameters, fully heat treated condition (TFfT6), were varied to 
examine their effect on the microstructure and tensile properties achieved. Variables 
included the solution times of 2, 6, and 10 hours at a constant solution temperature of 540 
QC, and aging times of 5, 10, 12 and 14 hours at a constant aging temperature of 165°C. 
The specimens were quenched in water at 60°C and immediately aged after quenching. 
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Pouring 
Temp. (OC) 
710 
710 
710 
710 
710 
710 
710 
710 
710 
710 
Table 4.4 
Variables of Series III 
Shell Temp. Ti Addition 
(C) (%) 
Ambient 
250 0 
500 
Ambient 
250 0.096 
500 
Ambient 
250 0.189 
500 
Ambient 
250 0.278 
500 
Ambient 
250 0 
500 
Ambient 
250 0 
500 
Ambient 
250 0 
500 
Ambient 
250 0 
500 
Ambient 
250 0.096 
500 
Ambient 
250 0.189 
500 
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Sr Addition 
(%) 
0 
0 
0 
0 
0.005 
0.010 
0.015 
0.020 
0.01 
0.01 
The specimens used for heat treatment experiments were those with the highest tensile 
properties in the as-cast condition. The specimens were, thus, produced with treated (grain 
refined and modified) melt poured at 710 °C into shells held at ambient temperature. Ti 
was added at 0.096% and Sr at 0.01%. Although grain refinement, acting singly or in 
combination with modification, did not improve the as-cast tensile properties (Series IIl), it 
was used for the purpose of the secondary peak in elongation during aging (105). All the 
specimens were poured from the same heat produced by melting 15 kg of LM25 ingots. 
The melt hydrogen level was 0.08 cc/lOOg AI. Table 4.5 shows the experimental design for 
the heat treatment variables. 
TABLE 4.5 
Variables of Series IV 
Solution Time at 540 0C Aging Time at 165 oC 
(hours) (hours) 
5 
2 10 
12 
14 
5 
6 10 
12 
14 
5 
10 10 
12 
14 
4.5 MECHANICAL PROPERTIES TESTING 
It is a normal practice to use the tensile test as a measure of the mechanical properties of 
castings. This practice was employed in this research. Since variations in mechanical 
properties of castings are normally associated with differences in microstructure, 
metallography was also used in property assessment. Optical metallography and tensile 
testing were the main components of the analysis and testing programme used. 
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5.1 INTRODUCTION 
CHAPTERS 
RESULTS AND OBSERVATIONS 
The experiments were conducted, analysed and reported in full as separate series. However, 
reference may be made to results from other series where they affected experimental design or 
analysis. The experimental results are mostly presented in graphical form for analysis. The 
numerical values of these results are presented in Appendix 3. 
5.2 SERIES I: MELT HYDROGEN CONTENT 
5.2.1 Porosity Formation 
5.2.1.1 Effect of Hydrogen 
Figs. 5.1 - 5.4 show the effect of hydrogen content on the amount of porosity formed in LM25 
test bar specimens produced by investment casting. It is evident that porosity increased with 
increasing amounts of dissolved hydrogen. The most serious porosity problem was exhibited 
at a shell temperature of 500°C. For shells at ambient, 100 and 300°C the porosity levels 
were similar, with a slight increase with shell preheat temperature being discernable. 
5.2.1.2 Effect of Pouring and Shell Preheat Temperatures 
Figs. 5.5 - 5.8 show the effect of pouring temperature on the porosity formation in investment 
cast LM25 aluminium alloy. They also illustrate the shell temperature effect on the same 
property. 
From the graphs it is evident that variations in pouring temperature between 680 and 770°C, 
inclusive, did not have a significant effect on the porosity formation in castings produced with 
a shell temperature of 500°C. There was, however, a very slight increase in porosity with 
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peuring temperature at very high hydregen cencentratien (0.35 ccll OOg AI) and lew shell 
temperatures. 
On the ether hand, it is clearly seen that shell temperature exerted a censiderable influence en 
peresity fermatien in LM25 investment castings. This influence was especially preneunced 
between medium and high hydregen levels (0.15 and 0.25 cc/lOOg AI). The shell temperature 
effect was less fer lew and very high hydregen levels (0.05 and 0.35 cc/100g AI) frem 100 te 
300 QC. The shell temperature effect was net significant in this case. Shells peured at ambient 
temperature did net fit this general behavieur probably due te uncentrelled environment. 
5.2.2 Pore Morphology and Size 
Fig. 5.9 shows the types .of peres .observed in this study. The types .of peres shewn in fig. 5.9 
were classified in terms efpere size frem very fine (-20 f.1m) te cearse (-450 f.1m). Table A3.2 
shews the pere sizes .observed in the specimens in relation te the cembinatiens .of precess 
variables studied. The sizes shewn were arrived at by censidering the largest and general pere 
size ever the cress section .of the micrestructure specimens. The effects .of melt hydregen 
centent, peuring and shell temperatures are shown in figs. 5.10 - 5.13. The fellewing netatien 
was used en the pere type axis te denete pere type in fig. 5.9: (a)-I; (b)-2; (c)-3; and (d)-4. 
The results indicated that all three process variables censidered, that is peuring temperature, 
shell preheat temperature and hydrogen cencentratien, affected the type .of pere fermed. Fer 
the shell preheat temperature .of 500°C, the structure exhibited mainly cearse or round peres 
fer all peuring temperatures and gas levels. In this case, the relative actual pere sizes were 
.observed te increase with increasing hydregen centent. Peuring temperature exerted little 
effect en pere type fermed. The general trend was a transitien frem very fine peres te cearse 
peres with increasing hydrogen cencentratien and shell preheat temperature. At lew hydregen 
cencentratien (0.05 cc/100g), the peres were characteristically very fine te fine fer all peuring 
temperatures (680 - 770°C) and shell preheat temperatures .of 25 and 100 QC. Fer shells at 300 
°C and lew hydregen centent (0.05 cc/100g), the peres were a combinatien .of very fine and 
fine types at lower temperatures (680 and 710 0c) which became deminantly medium type at 
high peuring temperatures (740 and 770°C). 
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5.2.3 Microstructure 
Fig. 5.14 shows examples of microstructures observed in the specimens from shells with 
various preheat temperatures. The microstructures were characterised by a coarse acicular 
eutectic phase, which is typical of as-cast unmodified aluminium-silicon alloys. 
The variation of dendrite arm spacing (DAS) as a function of pouring and shell preheat 
temperatures is shown in fig. 5.15. The DAS used in these plots was calculated using the 
intercept method (112). From the plots it can be observed that the value of DAS increased 
with increasing shell temperature. The structures were generally the same for different pouring 
temperatures. 
5.2.4 Tensile Properties 
A summary of the as-cast tensile test results is given in Table A3.4. Each figure for the tensile 
properties represents the mean of values from four specimens without visually apparent 
inclusions on the fracture surfaces. 
5.2.4.1 Effect of Porosity 
The effect of porosity on tensile properties is presented as scatter plots shown in figs. 5.16 -
5.27. Scatter plots were used because of variations in porosity content among specimens from 
the same mould. The following were apparent from the plots: 
• There was a general decrease in UTS with increasing porosity. This was more 
pronounced for high shell preheat temperatures (300 and 500 QC). 
• There was a moderate tendency for 0.2% PS to decrease with increasing porosity 
content. This was more apparent for shells at 500 QC. 
• Percentage elongation appeared to be little affected by the levels of porosity 
experienced in the investigation. 
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5.2.4.2 Effect of Pouring Temperature and Shell Preheat Temperature 
The combined effects of three shell preheat temperatures and four pouring temperatures on the 
tensile properties are shown in figs. 5.28 - 5.30. Results for ambient temperature shells are 
also included. These figures indicate that: 
• An increase in shell preheat temperature reduced the tensile properties. 
• Increasing the pouring temperature had a moderate effect on UTS at low shell 
temperatures (25 and 100°C) while at high shell temperatures (300 and 500°C) 
pouring temperature significantly reduced the property. 
• No clear correlation was evident between PS and pouring temperature. However, 
there was a moderate increase in PS with increasing pouring temperature for shells 
at 500 QC. 
• Pouring temperatures in the range 710 - 770°C had no effect on percentage 
elongation. The highest registered elongation was at 100°C shell temperature. 
• Low shell and low pouring temperatures generally produced high tensile properties. 
In this study both UTS and PS were highest in castings produced with a shell 
temperature of 25°C and a pouring temperature of 710°C. 
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Fig. 5.1: The Effect of Hydrogen Content and Preheat Temperature on Porosity Content 
at a Pouring Temperature of 680°C. 
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Fig. 5.2: The Effect of Hydrogen Content and Preheat Temperature on Porosity Content 
at a Pouring Temperature of 71 0 QC. 
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Fig. 5.3: The Effect of Hydrogen Content and Preheat Temperature on Porosity Content 
at a Pouring Temperature of 740°C. 
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Fig. 5.4: The Effect of Hydrogen Content and Preheat Temperature on Porosity Content 
at a Pouring Temperature of 770°C. 
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Fig. 5.5: The Effect of Pouring and Shell Preheat Temperatures on Porosity Content at a 
Low Hydrogen Content (0.05 cc/lOOg AI). 
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Fig. 5.6: The Effect of Pouring and Shell Preheat Temperatures on Porosity Content at a 
Medium Hydrogen Content (0.15 cc/lOOg AI). 
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Fig. 5.7: The Effect of Pouring and Shell Preheat Temperatures on Porosity Content at a 
High Hydrogen Content (0.25 cc/lOOg AI). 
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2.5 
LEGEND: Shell Temperatures (deg. Celsius) 
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Fig. 5.8: The Effect of Pouring and Shell Preheat Temperatures on Porosity Content at a 
Very High Hydrogen Content (0.35 cc/lOOg AI). 
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Fig. 5.9: Class ification of Porosity Size: (a) Very Fine (-20 Ilm), (b) Fine(- IOO Ilm), 
(c) Medium( - 200 Ilm), and (d) Coarse( - 450 Ilm) 
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Fig. 5.10: The Effect of Pouring and Shell Preheat Temperatures on Pore Type at a 
Low Hydrogen Content (0.05 cc/100g AI). 
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Fig. 5.1 1: The Effect of Pouring and Shell Preheat Temperatures on Pore Type at a 
Medium Hydrogen Content (0.15 cc/100g AI). 
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Fig. 5.12: The Effect of Pouring and Shell Preheat Temperatures on Pore Type at a 
High Hydrogen Content (0.25 ccll OOg AI). 
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Fig. 5.13: The Effect of Pouring and Shell Preheat Temperatures on Pore Type at a 
Very High Hydrogen Content (0.35 cc/ lOOg AI). 
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(b) 
, 
(d) 
Fig. 5. 14 : Typical As-Cast Microstructu re of LM25 In vestment Castings Poured in Shells 
at the Following Temperatures: (a) Ambient (- 25 QC); (b) 100 QC; (c) 300 QC; 
and (d) 500 QC. 
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Fig. 5. 15: Variation of DAS with Pouring and Shell Preheat Temperatures 
of LM25 Investment Castings 
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Fig. 5.16: Variation of UTS with Porosity Content of LM25 Cast in Shells at Ambient 
Temperature (25 DC). 
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Fig. 5.17: Variation of UTS with Porosity Content of LM25 Cast in Shells at 100 QC. 
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Fig. 5.18: Variation of UTS with Porosity Content of LM25 Cast in Shells at 300°C. 
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Fig. 5. 19: Variation of UTS with Porosity Content of LM25 Cast in Shells at 500 °C. 
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Fig. 5.20: Variation of Proof Stress with Porosity Content of LM25 Cast in Shells at 
Ambient Temperature (25 °C). 
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Fig. 5.21: Variation of Proof Stress with Porosity Content of LM25 Cast in Shells at 100 DC. 
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Fig. 5.22: Variation of Proof Stress with Porosity Content of LM25 Cast in Shells at 300 °C. 
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Fig. 5.23: Variation of Proof Stress with Porosity Content of LM25 Cast in Shells at 500 QC. 
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Fig. 5.24: Variation of Elongation with Porosity Content of LM25 Cast in Shells at 
Ambient Temperature (25 QC). 
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Fig. 5.25 : Variation of Elongation with Porosity Content ofLM25 Cast in Shells at 100 QC. 
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Fig. 5.26: Variation of Elongation with Porosity Content of LM25 Cast in Shells at 300 QC. 
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Fig. 5.27 : Variation of Elongation with Porosity Content of LM25 Cast in Shells at 500 QC. 
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Fig. 5.28: The Combined Effect of Pouring and Shell Preheat Temperatures on UTS of 
LM25 Investment Castings with a Low Hydrogen Content (0.05 cc/lOOg). 
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Fig. 5.29: The Combined Effect of Pouring and Shell Preheat Temperatures on Proof Stress 
of LM25 Investment Castings with a Low Hydrogen Content (0.05 cc/lOOg). 
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Fig. 5.30: The Combined Effect of Pouring and Shell Preheat Temperatures on Elongation 
of LM25 investment casting with low hydrogen content (0.05 cc/ lOOg). 
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5.3 SERIES IT: FILTRATION 
5.3.1 Microstructure 
Fig. 5.31 shows the typical microstructures observed in the specimens from shells at varying 
shell temperature. The variation of dendrite arm spacing (DAS) as a function of pouring and 
shell preheat temperatures is shown in fig. 5.32. The DAS was calculated using the intercept 
method. The microstructures were similar for different pouring temperatures (680, 710, 740 
and 770 QC). It was observed that at all pouring temperatures the DAS and the eutectic silicon 
increased in size with increasing shell temperature. At ambient shell temperature, the dendritic 
cells were finer and silicon particles smaller. 
Intermetallic phases of Iron tended to be larger at higher shell temperature. Also present in the 
interdendritic structure was Mg2Si (black). The structural constituents observed are typical of 
the LM25 alloy. 
5.3.2 Tensile Properties 
5.3.2.1 Effect of Filtering 
The effectiveness of a filter in improving the tensile properties of investment cast LM25 is 
presented in figs. 5.33 - 5.41. In all cases the UTS and elongation did not show marked 
improvements by filtering. However, PS was slightly higher in unfiltered specimens. The 
difference increased to about 2% at 500 QC shell temperature (fig. 5.38). 
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Fig. 5.3 1: Typ ical As-Cast Microstructure of LM25 Investment Castings Poured in Shell at 
the Following Temperatures: Ca) Ambient C - 25 QC); (b) 250°C; and Cd) 500 0c. 
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5.3.2.2 Effect of Pouring and Shell Preheat Temperatures 
The combined effects of shell and pouring temperatures on the tensile properties are shown in 
figs . 5.42 - 5.44. These figures indicate that: 
• An increase in shell temperature reduced the UTS and elongation. 
• Increasing the pouring temperature had a very moderate effect on tensile properties. 
• In filtered specimens, there was a clear indication that O.2%PS decreased at shell 
temperature of 250 QC and increased at shell temperature of 500 QC. A similar 
behaviour was barely evident in unfiltered specimens. 
• Low shell and low pouring temperatures generally produced high tensile properties. 
In this study the optimum combination of properties was obtained with ambient shell 
temperature and a pouring temperature of 680 QC. 
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Fig. 5.32: Variation ofDAS with Pouring and Shell Preheat Temperatures 
of LM25 Investment Castings. 
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Fig. 5.33 : Change in UTS as a Function of Pouring Temperature and Filtering for 
LM25 Investment Cast in Shell s at Ambient Temperature. 
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Fig. 5.34: Change in UTS as a Function of Pouring Temperature and Filtering for 
LM25 Investment Cast in Shells at 250 °C. 
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Fig. 5.35: Change in UTS as a Function of Pouring Temperature and Filtering for 
LM25 Investment Cast in Shells at 500 QC. 
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Fig. 5.36: Change in Proof Stress as a Function of Pouring Temperature and Filtering for 
LM25 Investment Cast in Shells at Ambient Temperature. 
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Fig. 5.37: Change in Proof Stress as a Function of Pouring Temperature and Filtering for 
LM25 Investment Cast in Shells at 250°C. 
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Fig. 5.38: Change in Proof Stress as a Function of Pouring Temperature and Filtering for 
LM25 Investment Cast in Shells at 500°C. 
97 
LEGEND: Melt Treatment 1-0-Filtered -e-Unfiltered I 
5 
~ 4 
t'l 
~ 
= ~ ~ 3 § 
&l 2 
1 
650 700 750 800 
Pouring Temperature (deg. Celsius) 
Fig. 5.39: Effect of Pouring Temperature and Filtering on Fracture Elongation of 
LM25 Investment Casting Poured in Shells at Ambient Temperature. 
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Fig. 5.40: Effect of Pouring Temperature and Filtering on Fracture Elongation of 
LM25 Investment Casting Poured in Shells at 250 DC. 
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Fig. 5.41: Effect of Pouring Temperature and Filtering on Fracture Elongation of 
LM25 Investment Casting Poured in Shells at 500 DC. 
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Fig. 5.42: The Combined Effect of Pouring and Shell Temperatures on UTS of 
LM25 Investment Castings (Filtered Specimens). 
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Fig. 5.43: The Combined Effect of Pouring and Shell Temperatures on Proof Stress of 
LM25 Investment Castings (Filtered Specimens). 
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Fig. 5.44: The Combined Effect of Pouring and Shell Temperatures on Elongation of 
LM25 Investment Casting (Filtered Specimens). 
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5.4 SERIES Ill: GRAIN REFINEMENT AND MODIFICATION 
5.4.1 Grain Refinement 
5.4.1.1 Macrostructure 
Figs. 5.45 - 5.47 show the typical macrostructure of the investment cast LM25 alloy at 
increasing levels of titanium content from three shell temperatures. Note that reference is 
made to the calculated total titanium content in the melt instead of the grain refinement 
additions because the alloy initially contained prealloyed titanium, at 0.10% Ti (by weight). 
The macrostructure was quantified by calculating the lineal density (defined as the number 
of interceptions of grain boundary traces per unit length of test lines) using the intercept 
method (113). The lineal density increases as a finer grain size is obtained in the structure. 
The variation of grain size, in terms of the lineal density, with titanium content and shell 
temperature is plotted in fig. 5.48. The values of the measured lineal densities are given in 
TableA3.8. 
The figures show a significant reduction in grain size with the first grain refiner addition of 
0.096% Ti. In this case the lineal densities increased by 350, 433 and 500% at ambient, 250 
and 500°C shell temperatures, respectively. A relatively small reduction of grain size was 
observed when the Ti content was increased from 0.19% (0.096% Ti added) to 0.28% 
(0.189% Ti added). The corresponding increases in the lineal densities were 22, 19 and 0% 
at ambient, 250 and 500°C shell temperatures, respectively. An increase to 0.37% Ti 
content produced no further reduction in grain size. 
The grains were large and irregular shaped when no grain refinement was made (part (a) of 
the figures). With grain refinement, the macrostructure constituted of small regular shaped 
equiaxed grains. For a given titanium content, the grain size increased with increasing shell 
temperature. There was no difference in macrostructure between filtered and unfiltered 
specimens. 
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Ca) Cb) 
Cc) Cd) 
Fig. 5.45: LM25 Macrostructure fro m Test Specimens Poured at 7 LO QC into Investment 
Casting She lls at Ambient Temperature. (a) No Grain Refinement (0 . 10% Ti 
Content); Cb) 0.096% Ti Added (0. L 9% Ti Content); (c) 0 .189% Ti Added 
(0.28% Ti Content); and (d) 0.278% Ti Added (0.37% Ti Content). 
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Fig. 5.46: LM25 Macrostructure from Test Spec imens Poured at 7 \ 0 QC in to [nvestment 
Casting She ll s al 250QC Preheat. (a) No Grain Refinement (0. \ 0% Ti Content); 
(b) 0.096% Ti Added (0. \9% Ti Content); (c) 0 . \89% Ti Added (0.28% Ti 
Content); and (d) 0 .278% Ti Added (0.37% Ti Content). 
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Fig. 5.47 : LM25 Macrostructure from Test Specimens Poured at 7 10 °C into In vestment 
Casting Shells at 500°C Preheat. (a) No Grain Refinement (0. 10% Ti Content); 
(b) 0.096% Ti Added (0.1 9% Ti Content); (c) 0.1 89% Ti Added (0.28% Ti 
Content); and (d) 0.278% Ti Added (0.37% Ti Content). 
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Fig. 5.48: Change in Lineal Density as a Function of Titanium Content and Shell 
Temperature for Filtered LM25 Investment Cast Specimens. 
5.4.1.2 Tensile Properties 
A summary of the as-cast tensile properties of filtered specimens is given in Table A3.9 
and unfiltered specimens in Table A3.10. The results are the average of two samples. 
Results for unfiltered specimens displayed inconsistencies in the properties . Results in 
Table A3.9 were used to evaluate the effect of grain refinement on the tensile properties of 
investment cast LM25. These results are presented graphically in figs. 5.49 - 5.51. 
Both UTS and EL were essentially unchanged with increasing titanium content. However, 
the properties decreased with increasing shell temperature without and with grain 
refinement. There was no clear correlation between PS and Ti content. PS showed a 
decrease at 250 QC and increased at 500 QC shell temperatures. Optimum properties were 
obtained in specimens cast in hells at ambient temperature. 
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Fig. 5.49: Change in UTS as a Function of Titanium Content and Shell Temperature for 
Filtered LM25 Investment Cast Specimens. 
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Fig. 5.50: Change in Proof Stress as a Function of Titanium Content and Shell Temperature 
for Filtered LM25 Investment Cast Specimens. 
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Fig. 5.5 1: Change in Percent Elongation as a Function of Titanium Content and Shell 
Temperature for Filtered LM25 Investment Cast Specimens. 
5.4.2 Eutectic Silicon Modification 
5.4.2.1 Microstructure 
The effect of various stronti urn additions on the as-cast microstructure is shown in figs. 
5.52 - 5.56. The unmodified structure (0% Sr) exhibited acicular eutectic silicon, with 
small platelets of Si at ambient shell temperature and a mixture of small and large platelets 
of Si at 250 QC and 500 QC shell temperatures (fig. 5.52). This same structure was observed 
at 0.005% Sr addition (fig. 5.53). Surprisingly, the silicon appeared to be coarser at 0.005% 
Sr than at 0% Sr. The structure exhibited large brittle flakes of silicon. Modification was 
observed at 0.01, 0.015 and 0.02% Sr additions (figs. 5.54 -5 .56). The silicon adopted a 
fibrous morphology at these Sr levels. 
In the unmodified structure, including that at 0.005% Sr addition, the size of silicon 
increased with shell temperature. After modification, there was no significant increase in 
the size of the fibrous Si with increasing shell temperature. At equivalent strontium levels 
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there was, generally, no apparent difference in microstructure between filtered and 
unfiltered specimens. It was not possible to deduce the optimum Sr addition in the range 
0.0 I % to 0.02% by considering the eutectic si licon morphology because there were no 
significant improvements in the fineness of the silicon morphology with increasing Sr 
addition. 
5.4.2.2 Tensile Properties 
A summary of the as-cast tensile properties of filtered specimens is given in Table A3.11 
and for un filtered specimens in Table A3.12. The results are the average of two samples. 
Properties from filtered specimens were better than those from unfiltered specimens. The 
results in Table A3.11 are presented graphically in figs . 5.57 - 5.59, to illustrate the 
variations in tensile properties. 
During strontium additions ranging from 0% to 0.02%, for step increments of 0.005%, 
UTS and elongation decreased at 0.005% Sr, increased to a maximum at 0.01 % Sr and then 
showed a continous decline thereafter. Proof stress was relatively unaffected by Sr 
additions. At 0.01 % Sr, UTS was improved by 4.7%, 2.8% and 6.2% at ambient, 250°C 
and 500 °C shell temperatures, respectively. The corresponding increments from unfiltered 
specimens were 3.9%, 3.2% and 5.4%. Elongation was improved by 25%, 50% and 33.3% 
at ambient, 250°C and 500 °C shell temperatures, respectively. The corresponding 
increments from unfiltered specimens were 33.3%, 33.3% and 16.7%. The shell 
temperature effect on the properties was as expected. 
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Fig. 5.52: The Effect of Shell Temperature on the As-Cast Microstructure of LM25 
Investment Castings wilh 0% SI' Addilion Poured at 7 10 QC: Ca) Ambient 
C- 25 QC); Cb) 250 QC; and Cd) 500 QC: 
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Fig. 5.53: The Effect of Shell Temperature on the As-Cast Microstructure of LM25 
In vestment Castings with 0.005% Sr Addition Poured at 7 10 QC: (a) Ambient 
C- 25 DC); Cb) 250 QC; and Cd) 500 QC. 
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Fig . 5.54: The Effect of Shell Temperature on the As-Cast Microstructure of LM25 
Investment Castings with 0.01 % SI' Addition Poured at 7 10 °C: (a) Ambient 
(- 25 QC); (b) 250 °C; and (d) 500 QC. 
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Fig. 5.55: The Effect of Shell Temperature on the As-Cast Microstructure o f LM25 
In vestment Cast.ings with 0.0 15% Sr Addition Poured at 710 Qc: (a) Ambient 
(- 25 DC); (b) 250 QC; and (d) 500 QC. 
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Fig. 5.56: The Effect of Shell Temperature on the As-Cast Microstructure of LM25 
Investment Castings with 0.02% Sr Addition Poured at 7 10 QC: Ca) Ambient 
C - 25 QC); Cb) 250 QC; and Cd) 500 QC. 
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Fig. 5.57: Change in UTS as a Function of Strontium Addition and Shell Temperature 
for Filtered LM25 Investment Cast Specimens. 
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Fig. 5.58: Change in Proof Stress as a Function of Strontium Addition and Shell 
Temperature for Filtered LM25 Investment Cast Specimens. 
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Fig. 5.59: Change in Percent Elongation as a Function of Strontium Addition and 
Shell Temperature for Filtered LM25 Investment Cast Specimens. 
5.4.3 Combined Grain Refinement and Modification 
5.4.3.1 Structure 
The structure of grain refined and modified specimens did not differ from those observed 
for independent treatments of grain refinement and modification. 
5.4.3.2 Porosity 
Porosity measurements using Archirnedes 'principle were carried out on grain refined and 
modified specimens. Table A3.13 shows the average porosity related to the shell 
temperature and melt treatment. These results are represented graphically in fig . 5.60, 
including porosity from untreated specimens poured at 710 QC with low hydrogen content 
(from series D. 
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There was hardly any increase in porosity levels when the specimens were treated with 
0.01 % Sr and 0.19% Ti. However, with 0.01 % Sr and 0.28% Ti , porosity increased. 
The graphs show a smoothing effect of the melt treatment on the overall porosity level. 
Argo and Gruzleski (99) reported that modification disperses the porosity throughout a 
casting, causing an increase in microshrinkage and a decrease in macroshrinkage, with the 
total shrinkage being unchanged. 
5.4.3.3 Tensile Properties 
Table A3.14 shows a summary of as-cast tensile properties of grain refined and modified 
specimens. These results are shown graphically in figs. 5.61 - 5.63 where they are 
compared with the properties from modified specimens at 0.0 I % Sr addition. The graphs 
show that grain refinement did not improve the properties even in modified specimens. The 
tensile properties changed as expected with UTS and elongation decreasing with increasing 
shell temperature. Slightly lower UTS values were obtained with higher Ti treatment. 
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Fig. 5.60: The Effect of Shell Temperature and Melt Treatment on Porosity Content. 
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Fig. 5.61 : Change in UTS ofLM25 Investment Cast Specimens as a Function 
of Shell Temperature and Melt Treatment. 
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Fig. 5.62: Change in Proof Stress of LM25 Investment Cast Specimens as a 
Function of Shell Temperature and Melt Treatment. 
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Fig. 5.63: Change in Elongation of LM25 Investment Cast Specimens as a 
Function of Shell Temperature and Melt Treatment. 
S.S SERIES IV: HEAT TREATMENT 
S.S.1 Microstructure 
The effect of solution time on Si particle morphology of T6-treated grain refined and 
modified investment cast LM25 specimens is shown in fig. 5.64. The fine silicon particles 
of the cast modified structure underwent spheroidisation and coarsening during solution 
treatment. The structure exhibited a spheroidised structure after 2 hours of solution 
treatment. The structure, however, had some fine Si particles present, as in the as-cast 
structure. A fu lly spheroidised structure was observed after 10 hours of solution treatment. 
There were also signs of coarsening of Si particles after only 2 hours of solution treatment. 
As a result of spheroidisation and coarsening, the heat treated structure was coarser than 
the as-cast modified structure, but still remained finer than the non-modified structure (fig. 
5.52). The changes observed in Si morphology with solution time were in accordance with 
those described in the literature. 
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5.5.2 Tensile Properties 
The tensile properties of heat treated specimens are given in Table A3.l5. The average 
UTS, PS and EL are shown in Figs. 5.65 - 5.67 as a function of solution and aging times. 
At solution times of 2 and 6 hours, the tensile properties were comparable over tbe range of 
aging time studied. The properties increased for a solution time of 10 hours. UTS and PS 
were observed to increase with increasing aging time. The maximum UTS and PS values 
(3 19 and 291 N/mm2, respectively) resulted from a solution time of 10 hours and an aging 
time of 14 hours. UTS and PS increased by 81 % and 212% respectively. These values 
show that PS increases more than UTS after full heat treatment. The typical properties 
quoted for LM25 (Appendix 2: Table A2.1) depict this same effect. Ductility (measured as 
percent elongation EL) was adversely affected by aging treatment. EL decreased and 
remained unchanged for all combinations of solution and aging times studied. There was a 
slight increase in EL for a solution time of 10 hours, but it was still below the value in the 
as-cast condition. No secondary peak in EL was observed for aging times in the range 5 -
14 hours. Nevertheless, the aging behaviour observed is typical for precipitation hardening 
alloys (110). 
The data presented herein suggest an optimum solution time of 10 hours and aging time of 
14 hours for maximum tensile properties in Sr-modified investment cast LM25. 
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Fig. 5.64: Microstructures of Heal Treated Grain Refined and Modified In vestment Cast 
LM25 as a Function of Solution Time al a Solution Temperature of 540 QC. 
(a) as·caSI: (b) '2 hours: (cl 6 hOllr, and (d) 10 hou rs. 
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Fig. 5.65: Change in UTS as a Function of Solution Time and Aging Time in 
LM25 Investment Cast Specimens. 
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Fig. 5.66: Change in Proof Stress as a Function of Solution Time and Aging Time 
in LM25 Investment Cast Specimens. 
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. Fig. 5.67: Change in Percent Elongation as a Function of Solution Time and Aging 
Time in LM25 Investment Cast Specimens. 
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6.1 INTRODUCTION 
CHAPTER 6 
DISCUSSION 
The analyses carried out in the experimental series were from the viewpoint of the casting 
integrity, casting structure and casting tensile properties. To simplify the discussion, the 
observations drawn from the experiments will be considered under the three categories 
mentioned above. 
6.2 CASTING INTEGRITY 
Casting integrity, as it applies to aluminium alloy castings, refers to the level of porosity 
present in a casting. Porosity refers to the condition of a casting which is not perfectly free 
from internal voids. The presence of porosity is inevitable to a certain extent in any casting. 
However, a casting may contain some degree of porosity and still be considered to be 
"sound" or free from defect relative to the casting end-use. It is, therefore, reasonable to 
anticipate an acceptable level for a particular casting. Nevertheless, attempts should always 
be made to reduce the amount of porosity in castings. 
6.2.1 Effect of Hydrogen Content 
Porosity in aluminium castings is caused mainly by 1) shrinkage, resulting from the volume 
decrease accompanying solidification and difficulties in the interdendritic feeding; and 2) 
the evolution of dissolved hydrogen, resulting from the decrease in solubility in the solid as 
compared to the liquid metal (114). Hydrogen-induced porosity is of great concern because 
it is detrimental to the properties of the casting (114). The strong effect of dissolved 
hydrogen on porosity formation was demonstrated in the experiments (figs. 5.1-5.4). This 
effect is explained by considering the growth tendency of pores in aluminium castings. 
For a bubble to form in the melt or in the solidifying casting, the following condition must 
be fulfilled (115): 
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Pg + Ps> Palm + Ph + PS-I 
where Pg = equilibrium pressure of dissolved hydrogen in the melt 
Ps = pressure drop due to shrinkage 
Palm = pressure of the atmosphere over the system 
Ph = pressure due to metallostatic head 
[6.1] 
Ps-t = pressure due to surface tension at the pore liquid interface. 
Of the five factors in Eq. 6.1, Palm and Ph are constant for a given casting design. Pg, Ps and 
P s-I are the factors directly related to the melt and its solidification behaviour. The most 
common type of pore formation involves Pg and Ps acting in concert to form pores within 
the interdendritic regions that are neither solely due to gas evolution nor shrinkage (99). As 
the trapped liquid solidifies and contracts, it creates a negative pressure which aids in the 
expulsion of dissolved gases from the liquid metal. 
The higher the melt hydrogen content, the faster Pg can overcome the external pressure, 
resulting in a greater possibility to form gas bubbles. Pg also increases as solidification 
proceeds and is much higher at a given fraction of solid in high gas content melts than in 
lower ones (96). At high hydrogen levels, pore precipitation generally appears at an earlier 
stage of solidification than if the hydrogen level is low. Pore growth at high liquid fraction 
is more feasible because of the favourable diffusion conditions of hydrogen and reduced 
restriction by growing dendrites. A gas bubble thus forms faster and more readily in a high 
gas-containing melt than in one with a lower gas concentration. On the other hand, at low 
hydrogen content, Pg requires a considerable time to reach the external pressure (96). In 
addition, at low hydrogen level small bubbles tend to form. Since the nucleation of smaller 
bubbles is more difficult (the hydrogen gas pressure required is inversely proportional to 
the bubble radius), more time would be needed for them to grow. 
The banding of porosity level at ambient, 100 DC and 300 DC compares with the results of 
Zou et al. (116) in their study of microporosity formation in A356 castings. Their results 
indicated that, for various hydrogen contents, the porosity remains essentially constant 
above a cooling rate of 5 DCls and is determined by the initial hydrogen level in the melt. 
By comparison, the results presented in figs. 5.1-5.4 indicated that, for various hydrogen 
contents, the porosity tended to lie in a band for DAS below 55 Ilm and was determined by 
the initial hydrogen content in the melt. A structural feature was used as opposed to cooling 
rate because it can be measured after casting. 
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6.2.2 Effect of Pouring and Shell Preheat Temperatures 
The relative insensitivity of the castings' porosity to variation in pouring temperature is 
likely to be because these variations in pouring temperature did not significantly alter the 
rate at which the castings solidified. The low influence of the pouring temperature on the 
cooling rate was highlighted in relation to the structures observed. The DAS was not 
affected by the pouring temperature, an indication that cooling rate was not affected by the 
pouring temperature. However, at high hydrogen contents any slight change in cooling rate 
resulted in a noticeable increase in porosity content because of the high rate of hydrogen 
diffusion at that level (96). 
The effect of shell temperature on porosity formation was as expected in recognition of the 
fact that cooling rate varied inversely with shell temperature, as shown by the measured 
DAS. As the cooling rate increased, there was a reduction in the total amount of porosity. 
This result could be explained on the basis of Eq. 6.1 and the fact that Ps-! is given by 
(117): 
Ps-! = 2cr/r [6.2] 
where cr = surface tension of the melt 
r = radius of the forming bubble. 
If Pg reaches and exceeds the sum of Palm and Ph, formation and growth of the bubbles 
depends only on Ps-! (117). In rapid-cooled castings, the volume of interdendritic pool is 
reduced and DAS is small. The size of nucleating pores decreases with DAS (116). Under 
these conditions, the contribution of the surface term, PS-b increases at high cooling rates, 
and pore formation becomes difficult. 
The apparent reduction of the shell temperature effect on porosity formation at low and 
very high hydrogen contents (0.05 and 0.35 cc/lOOg AI, respectively) and shell 
temperatures below 300°C (figs. 5.5 and 5.8), could be explained in terms of hydrogen 
evolution, assuming this was the dominant cause of porosity. Pores nucleate at only a few 
points, and their growth is limited by the surrounding dendrites. The supply of 
supersaturated hydrogen to the growing pores is severely restricted by the large distances 
involved and the difficulty of hydrogen diffusion in a melt containing a high solid fraction. 
As the solid-liquid interface advances, hydrogen is rejected at the solidification front 
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because of the large difference in solubility between hydrogen in the melt and hydrogen in 
the solid phase (116). The hydrogen rejected at the interface diffuses into tbe bulk liquid 
and increases the overall concentration of hydrogen in the liquid. This enrichment 
continues until the gas pressure is sufficient to overcome surface tension forces associated 
with the nucleation of gas bubbles. Once the pore nucleates and starts to grow, a certain 
volume generating tbe required buoyancy is needed to detach the bubble from the 
nucleating point (117). Hydrogen concentration in the liquid drops as the bubble detaches 
itself and further enrichment of the liquid in hydrogen is necessary for subsequent pore 
nucleation (116). The increase in volume of a growth-capable bubble to tbe point of 
buoyancy is a time-consuming, diffusion-controlled process (117). The hydrogen 
concentration for pore nucleation depends on the cooling rate rather than on tbe initial 
hydrogen content (116). At low hydrogen levels tbe amount of evolved hydrogen is limited 
by the dissolved amount, while at very high levels it is limited by tbe solidification time. 
This is supported by the fact that higher porosity levels were observed at a shell 
temperature of 500 °C for which the cooling rate is supposedly lower. These observations 
suggest tbat porosity increases with increasing solidification time. 
The serious porosity problem observed at 500°C shell temperature is due to slow cooling 
rate (large DAS) which result in large pores forming (116). A pore with a large radius of 
curvature may form at moderate gas pressures (Iow hydrogen concentration in the liquid) 
since the contribution of the surface forces is relatively small (116). Similarly, bubble 
nucleation against a solid substrate requires less surface energy and thus facilitates pore 
formation (116). The substrate will nucleate pores as long as it is active, that is before 
being engulfed by the solidifying melt. Hence, they will remain active longer in slow 
cooling melts. 
Hydrogen gas porosity has been extensively investigated using the directional solidification 
technique. In these studies, it was established that, for any given alloy and specific 
solidification condition, there is a "threshold hydrogen content" below which no primary 
porosity is formed and that the tendency for porosity formation is reduced witb an increase 
in cooling rate and a decrease in alloy freezing range (114). In the present study, the effect 
of cooling rate was evident. However, no cut-off hydrogen concentration was observed 
other than a constant porosity between 0.05 and 0.15 cclloog AI hydrogen concentration 
when shells at 100 °C were poured at 680 and 710 °C (figs. 5.1 and 5.2). This observation 
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indicates that investment cast LM25 alloy is more sensitive to the occurrence of porosity. 
This also gives support to what has long been observed in practice that a low hydrogen 
content does not necessarily guarantee production of porosity-free castings. 
6.2.3 Effect of Grain Refinement and Modification 
Density (porosity) measurements did not show appreciable increase in porosity in 
specimens grain refined and modified over untreated specimens (fig. 5.60). Although there 
is a general agreement that melt treatment, particularly modification, influence porosity 
formation in AI-Si alloys, the exact mechanism involved is not well understood. Moreover, 
there are cases where melt treatment has shown no effect on porosity formation. LaOrchan 
and Gruzleski (96) observed that at low hydrogen level (O.lcc/lOOg AI) the melt treatment 
had no evident effect on the amount of porosity. Similarly, Emadi and Gruzleski (117) 
showed that modification induced porosity in A356 could be avoided by lowering the melt 
hydrogen content to 0.1 cc/lOOg AI and having the local cooling rate greater than 1 QC/sec. 
In addition, Sigworth et al. (118) found that Sr does not have a significant effect on 
porosity formation when the freezing time is less than about 5 - 7 minutes. These 
observations could explain the porosity measurements in this study which showed no 
substantial increase in porosity of grain refined and modified investment cast LM25 test 
bars. The melt hydrogen content was less than 0.1 ccll OOg AI. 
An increase in porosity was, however, observed with increasing Ti content (fig.5.60). This 
could be explained in the context of the nucleating effect of inclusions on pore formation 
during solidification. Inclusions in a melt can act as a catalyst for the heterogeneous 
nucleation of pores (65,119). Melt additions, including grain refiners and modifiers, are 
examples of various inclusions that can be present in a melt (114). These inclusions can be 
typically 1-30 J.1m in size, liquid- or solid-type in nature, and their presence can lead to 
increased porosity (114). Emadi et al. (120) investigated the effect of Sr addition on melt 
inclusion content in A356 alloy. Their results indicated that Sr increased both the melt 
inclusion content and the average inclusion size. Inclusion count increased with increasing 
Sr addition. It is reasonable to suppose that Ti has a similar effect on the melt inclusion 
content. However, there is a slight problem with this inclusion theory since all the 
specimens were filtered. In the absence of experimental evidence to support or contradict 
the argument, we can assume that the inclusions in question passed through the filter and 
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the number of efficient nucleating sites increased as the total number of inclusions 
increased. 
Argo and Gruzleski (99) showed that porosity is concentrated more or less in one location 
in the unmodified bars and widely dispersed in the modified bars. It is this dispersion of 
porosity which lends the smoothing effect of strontium on the porosity distribution. This 
effect was apparent in the results presented in fig. 5.60. 
6.2.4 Pore Morphology and Size 
To conclude this section, it is appropriate to consider the pore morphology and size since 
this is the form in which porosity manifests itself. Porosity formation requires nucleation of 
gas bubbles. The nucleation process and subsequent pore growth will control the amount of 
porosity in the final structure. The pore morphology observed in this study closely 
corresponded to the four types observed by Chen and Engler (121) in an AlSi7Mg alloy. 
The four types were: small, fissured pores; long, fissured pores; long, broad pores; and 
round pores. Their development and characterisation were explained in the context of 
crystal growth during solidification. All hydrogen bubbles are precipitated in spherical 
form after formation in the melt (121). The differences in pore shape depend on whether 
the bubbles are able to grow without obstruction or whether they are obstructed to a greater 
or lesser extent by crystals/dendrites growing in the melt. A complete characterisation of 
these pores, as outlined by Chen and Engler (121), is given in Table 6.1. 
The characterisation of the pores correspond in principle to the porosity formation criterion 
based on Eqs. 6.1 and 6.2. At a constant external pressure, bubble precipitation depends 
mainly on the initial hydrogen concentration of the melt. The higher the hydrogen 
concentration, the earlier bubbles precipitate and the faster they grow. At high hydrogen 
concentrations bubbles are formed in the early stages of solidification at relatively small 
fractions of solid, resulting in mainly round or long, broad pores. At low hydrogen 
concentrations, pores are usually small and fissured, due to their precipitation near the end 
of solidification. It is, however, often difficult to distinguish these pores from shrinkage 
porosity because shrinkage in interdendritic residual melts can also be responsible for pore 
formation, particularly in late stages of solidification (121). The important point to note is 
that the pore shape in a microstructure depends on local solidification conditions and local 
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hydrogen concentrations (121). As a result both deviations from expected shapes and 
occurrence of transitional types in proximity to one another are possible. 
Table 6.1 
Pore Types and Their Characterisation in the Solidifying Casting in AISi7Mg Alloy· 
Pore Type Characterisation 
• Precipitation shortly before the end of solidification 
• Shape and size of pores determined by closed interdendritic 
Small, fissured pores spaces 
• Low hydrogen concentration 
• Bubble formation during formation of the dendrite network 
Long, fissured pores • Bubble expansion limited by stilI open melt channels 
• Medium to Iow hydrogen concentration 
• Bubble formation with stilI high liquid fraction 
Long, broad pores • arrangement between grown bubbles and dendrites 
• High to medium hydrogen concentration 
• Precipitation in the liquid melt or in the beginning of 
Round pores solidification 
• Unrestricted bubble growth 
• High hydrogen concentration 
a Datafrom Chen and Engler (121) 
A comparison of the results in figs. 5.10 - 5.13 and the data in Table 6.1 indicated a general 
agreement between the two. Solidification time appeared to have a marked effect on the 
type of pore formed. At 500 °C shell temperature, the cooling rate is supposedly Iow, and 
the pores formed were all round (coarse) irrespective of the hydrogen concentration. This 
could be explained in terms of the time available for hydrogen diffusion and bubble growth 
restriction. 
It is known that rapid cooling suppresses the formation of porosity to a degree determined 
by the freezing range of the metal. The argument presented for this is that the quantity of 
porosity formed is reduced if the transfer of hydrogen from the growing dendrites into the 
adj acent liquid is impeded by factors promoting rapid growth of the dendrites into the 
surrounding liquid (122). These factors include rapid cooling and a short freezing range. 
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This argument could be extended to the observed cooling rate effect on pore type. Slow 
cooling will lead to more hydrogen diffusion and unrestricted bubble growth as a result of 
slow dendrite growth. Unrestricted bubble growth is characteristic of round pores. These 
observations suggest that pore size increases with decreasing cooling rate. 
6.3 CASTING STRUCTURE 
Structural features are normally used to define the general refinement of a casting. 
Structural refinement is of considerable benefit to cast metal quality. Grain size, dendrite 
arm spacing (DAS) and eutectic silicon morphology have been widely used to define 
structures in cast metals and alloys. The effect of processing parameters on the structural 
refinement of investment cast LM25 are discussed in this section. 
6.3.1 Effect of Pouring and Shell Preheat Temperatures 
The results showed that, in the range studied, variations in pouring temperature did not 
have a significant effect on the cast structure. On the other hand, shell temperature showed 
a strong effect on the structure. This was evident from the DAS (figs. 5.15 and 5.32) and 
lineal density measurements (fig. 5,48). 
It has long been established that DAS is a function of the solidification rate within a casting 
(112,123). DAS increases with increasing solidification time (i.e., decreasing cooling rate). 
The apparent increase in DAS with increasing shell temperature is an indication that the 
cooling rate was decreasing. Therefore, shell temperature exerted an influence on cooling 
rate. 
The effect of the shell temperature on grain size is explained by the influence of cooling 
rate on the resultant grain size. Grain size is determined by the number of nuclei and 
growth restriction. Cooling rate influence is exerted via its effect on nucleation and growth 
restriction. Faster cooling rates enhance the potency of the melt to nucleate and increase 
growth rates resulting in reduced grain size (83). Contrary to the finding of Apelian and 
Cheng (124), grain refinement did not offset the influence of cooling rate on the resultant 
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grain size. Smaller grains were present in specimens from shells at ambient temperature 
and larger grains in specimens from shells at 500°C at all Ti contents. 
A high cooling rate produces a refining effect upon both primary grain size and 
substructural features (19). Even though no measurements were made, the micrographs did 
show that in the unmodified as-cast structure the size of eutectic silicon was affected by the 
shell temperature (figs. 5.52 - 5.53). 
6.3.2 Effect of Grain Refinement 
The effect of the amount of titanium, added as AI-4.92%Ti-1 %B, on investment cast LM25 
was evaluated. The master alloy introduces TiAl3 particles which act as the nucleating 
agents (82). The grain refining effect of these particles has been attributed to the following 
peritectic reaction in the Al-Ti phase diagram (82): 
Al (liquid) + TiAh -+ AI (solid with Ti in solid solution) [6.3] 
Kotschi and Loper (82) showed that stable grain refinement occurs above 0.15% Ti. 
Incidentally, 0.15% Ti is the minimum peritectic point on the Al-Ti phase diagram for Ti 
levels below 1.0%. The alloy initially contained 0.10% Ti (by weight) which is less than 
the minimum amount of Ti for a peritectic reaction (82). Therefore, no grain refinement 
would be expected to take place below this value. After the first grain refiner addition, the 
titanium content was 0.19%, which is above 0.15%. This could explain the significant 
reduction in grain size which resulted. The percentage increase in lineal densities showed 
that the coarser the original grain size, the more pronounced the effect of grain refinement. 
There was a further, but small, reduction in grain size at 0.28% Ti probably because of the 
increased number of nucleating sites. In this experiment the optimum Ti content was found 
to be 0.28%. 
The fact that there was no difference in grain size between filtered and unfiltered 
specimens for any given titanium content, indicates that there was no loss of refiner in the 
filter. Therefore, the filter did not affect grain refinement. Grain refinement produced a 
more uniform macrostructure. 
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6.3.3 Effect of Eutectic Silicon Modification 
The addition of strontium to investment cast LM25 changed the acicular eutectic structure 
to a fibrous one. Modification was evident from 0.01 %. Since there was no distinctive 
increase in the fineness of the fibrous silicon with increasing Sr addition, the optimum Sr 
addition could not be decided from the structural changes alone. 
It has been suggested that, during eutectic silicon modification, the alloy does not alter its 
growth gradually; instead, the change from flake to fibrous morphology occurs 
instantaneously (94). Therefore, the specimens with an inadequate amount of strontium 
(i.e., 0.005%) were expected to exhibit a partially-modified structure that consists of 
regions of acicular silicon and regions of fibrous silicon. Paray and Gruzleski (94) did 
observe this type of structure in their partially-modified (0.002% Sr) permanent-mould and 
sand cast samples. Alternatively, a lamellar structure would represent a structure between 
unmodified and modified structures. The structure obtained in this study at 0.005% Sr 
addition revealed a coarsening of the eutectic silicon. The reason for this behaviour is not 
known. 
Filtration did not affect modification. The effect of shell temperature on the size of 
modified fibrous Si was insignificant. 
6.3.4 Effect of Heat Treatment 
The microstructural changes which occur during heat treatment take place during solution 
treatment (102,103). The effect of solution heat treatment on the eutectic silicon 
morphology has been studied extensively in unmodified and modified AI-Si-Mg alloys 
(103,125,126,127). Solution heat treatment changes the morphology of the eutectic silicon 
through the processes of spheroidisation and coarsening. The Si morphology showed a 
definite change with the duration of constant temperature solution heat treatment (fig. 
5.64). The changes were exactly as reported in the literature. The duration of the solution 
heat treatment, thus, causes predictable changes to the eutectic Si particles. The data of 
Meyers (125) show that the changes that occur during solution heat treatment are consistent 
with those of a coarsening process: the numerical densities of the Si particles decrease 
while their sizes increase as solution heat treatment time increases. 
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Pan et al. (127) observed the Si morphology changes in grain refined and Sr-modified 
A357 alloy as a function of solution time. Si morphology was found to change during the 
course of solution heat treatment according to the following sequence: fragmentation, 
spheroidisation and coarsening, when observed two-dimensionally under an optical 
microscope. In addition, the rate of Si morphology change was found to be a function of 
microstructural refinement. In the present study, only spheroidisation and coarsening were 
observed to take place (based upon two-dimensional observations using an optical 
microscope). The present observations are similar to those made by Paray and Gruzleski 
(94). Paray and Gruzleski (94) pointed out that silicon platelets in the unmodified 
structures first segment (fragmentation) and then spheroidise, followed by coarsening, 
while Si particles in the modified alloy spheroidise and coarsen almost immediately. The 
specimens used in this study were grain refined and modified. Note that, similar to Pan et 
al.' s (127) observation, there was no distinct separation between spheroidisation and 
coarsening. The changes in Si morphology occurred concurrently, but varied in extent. 
6.4 CASTING TENSILE PROPERTIES 
A basic fact of materials science is that the mechanical properties exhibited by metals are 
greatly influenced by their microstructures. A number of factors define the metallurgical 
structure in aluminium castings. Those which most strongly affect mechanical properties 
are (46): 
(i) grain size and shape, 
(ii) dendrite parameters, and 
(iii) size, form and distribution of second phase particles and inclusions. 
The first two are primarily controlled by nucleation conditions and cooling or solidification 
rates. The finer the features mentioned above, the better the properties of the castings. 
6.4.1 Effect of Porosity 
The general effect of porosity in any casting is to decrease the mechanical properties (77). 
UTS and PS were observed to decrease at a lower rate for low shell preheat temperatures, 
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and at a high rate for high shell preheat temperatures. One possible explanation for the 
difference in behaviour is that porosity formation propensity increased with shell preheat 
temperature, as previously demonstrated in figs. 5.5 - 5.8. This could also be related to the 
type of pore prevalent in the structure. For low shell preheat temperatures (25 and 100 QC) 
it was observed that very fine to fine pores were prevalent while for high shell preheat 
temperatures (300 and 500 QC) medium to coarse pores were dominant. Therefore, the 
coarser the pores, the higher the rate of tensile property deterioration. 
6.4.2 Effect of Pouring and Shell Preheat Temperatures 
The effect of pouring and shell preheat temperatures on tensile properties could be 
explained in relation to porosity and structure. 
The beneficial effect of a finer dendrite arm spacing on mechanical properties is well 
documented. Better tensile properties are obtainable in the Al-Si-Mg castings possessing 
the most satisfactory microstructural refinement. DAS reflects the scale of microstructural 
refinement (125). Finely spaced dendrite arms, both primary and secondary, reduce the size 
and promote a uniform distribution of the interdendritic microconstituents (micropores, 
nonmetallic or intermetallic inclusions), which in turn, improve mechanical properties 
(128). Oswalt and Misra (112) established the dependence of ultimate tensile strength, 
yield strength and percent elongation on DAS for A356 and A357 -T6 test plate specimens. 
They found that UTS and EL decreased with increasing DAS while PS remained 
essentially unaffected by changes in DAS for both A356 and A357 specimens. In addition, 
their results emphasised property improvement with a finer spacing. Similar results were 
obtained by Radhakrishna et al. (123). As stated in the previous section, shell preheat 
temperature influenced the cooling rate and, hence, the DAS. This explains the observed 
effect of shell temperature on the tensile properties. The strong effect of cooling rate on the 
tensile properties was evident irrespective of melt treatment, Le., grain refinement and 
modification. The best properties were obtained at ambient shell temperature at which the 
fastest cooling rate was attained. This was as expected since best properties are usually 
associated with the finest microstructures. 
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On the other hand, pouring temperature had no significant effect on cooling rate. Therefore, 
the effect of pouring temperature on UTS at high shell temperatures could be due to the 
propensity for porosity formation. 
6.4.3 Effect of Ceramic Foam Filters 
The slight increases in UTS and elongation values were as expected. The overall property 
changes were generally smooth in filtered specimens and showed no unexpected variations. 
The observed reduction of PS in the filtered specimens is probably due to a change in 
material behaviour during loading as a result of inclusion removal, which result in 
increased ductility (129). 
It has been suggested that the beneficial effect of filtration is particularly evident in dirty 
melts (130). Pan et al. (130) observed that the use of ceramic foam filters increased the 
tensile properties of A356 alloy when foundry returns were used as charge materials, which 
generally produce low grade (dirty) melts. The lack of improvements in the tensile 
properties could, therefore, mean that the melts used in the experiments were fairly clean, 
especially given that the charge material was virgin ingots. While filtration cannot improve 
the mechanical properties developed in already clean metal, it can help reduce the 
incidence of inclusions in castings and eliminate some of the reasons for isolated low test 
values. 
6.4.4 Effect of Grain Refinement 
The results indicated that grain size reduction did not have any significant effect on the 
tensile properties. Generally, the main benefits of grain refinement include better feeding of 
the casting, improved surface finish, fine distribution of secondary phases and porosity, 
increased fatigue life, more uniform properties throughout the material and enhanced 
response to heat treatment and anodising (11,56). Therefore, the lack of improvement in 
tensile properties was not unusual. The slight reductions observed in UTS could be 
attributed to increased porosity. 
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6.4.5 Effect of Eutectic Silicon Modification 
Modification is commonly used to improve the mechanical properties; consequently, one 
method of determining the optimum amount of modifier would be on the basis of 
mechanical properties (91). Results reported in the literature (93,131) regarding the effect 
of silicon modification on the properties of hypoeutectic AI-Si casting alloys indicate that 
elongation undergoes the greatest improvement while UTS and proof stress are relatively 
unaffected. This is, of course, attainable at the optimum strontium level (91,131). In the 
current study the optimum Sr level was 0.01 %. The improvements experienced at this Sr 
addition clearly showed that elongation underwent the greatest improvement. In addition, 
property improvements were higher at low cooling rate, i.e., at 500 °C shell temperature. 
The decrease in properties at 0.005% Sr could be attributed to the increased coarseness of 
the eutectic silicon experienced at this Sr addition. 
6.4.6 Effect of Heat Treatment 
The results have shown that heat treatment affects the tensile properties more than does 
modification. The effect of a T6 temper (full heat treatment) increased the UTS to a level 
almost twice, and PS about four times that of the as-cast value. The mechanical properties 
are improved by heat treatment due to spheroidisation and coarsening of the eutectic silicon 
and the precipitation hardening occurring in the AI matrix (94). The properties after a T6 
temper are, thus, determined by the solution and artificial aging treatments. 
During the solution treatment, the casting is homogenised, Mg2Si particles are dissolved 
and eutectic Si is thermally altered. A more thorough dissolution of the Mg2Si phase 
provides a better response to aging (127). In AI-Si-Mg alloys, homogenisation of the 
casting and Mg2Si dissolution are essentially complete within about one hour of solution 
treatment at 540 °C (103). Therefore, at prolonged solution treatment , the observed 
changes in the tensile properties are attributed to changes in Si particle characteristics. 
Shivkumar et al. (103) pointed out that, whereas UTS and EL show significant 
improvements with solution time, PS is not appreciably influenced by the changes in Si 
particle characteristics. PS is essentially determined by the aging conditions (103,126). The 
aging treatment enhances UTS and PS substantially, while there is a reduction in ductility 
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(104). Whatever the level of strontium present in the alloy, artificial aging always results in 
a loss of ductility (46). The enhancement of strength properties obtained during aging 
treatment is primarily due to the precipitation of the metastable phase from the 
supersaturated solution (104). 
When both the solution and aging treatments effects on the tensile properties are 
considered, the properties in T6 temper condition would show an increase in strength and a 
decrease in ductility. The present results, therefore, agree quite well with the results 
reported in the literature. 
Pan et al. (127) indicated that the maximum strength values take place at the solution times 
that correspond to the Si morphological change, arriving at the late stage of spheroidisation 
or the early stage of coarsening. It was difficult to identify the stages referred to because 
spheroidisation and coarsening somewhat overlap. Nevertheless, when the results regarding 
the Si morphology change, as a function of solution time (fig. 5.64), and the tensile 
properties results (figs. 5.65 and 5.66) were taken into consideration, the maximum 
strengths were observed to have occurred when the structure was fully spheroidised and 
exhibited a definite coarsening. In general, the present results agree quite well with the 
results indicated by Pan et al. (127). Therefore, maximum strengths can be achieved by 
solution heat treatment conditions which produce a change in the structural characteristics 
of Si. 
It was hoped that a secondary elongation peak would be achieved within the aging times up 
to 14 hours. This expectation was based on the data of Shivkumar et al. (104) and Misra 
and Oswalt (105) who reported a definite occurrence of the secondary elongation peak in 
the range 10 - 12 hours of aging time in Al-Si-Mg alloys. Misra and Oswalt (105) also 
pointed out that the secondary elongation phenomenon does not take place when the cast 
microstructure is very coarse, such as DAS of 83.8 )lm. Since the DAS in the specimens 
used for heat treatment was in the region of 40 )lm, this factor may play only a minor role 
in influencing the secondary elongation phenomenon. Since the precipitation behaviour in 
cast aluminium alloys is extremely complex and is influenced by several process 
parameters including alloy composition, natural aging time, and preaging and artificial 
aging conditions (104), the secondary elongation peak could be influenced by the heat 
treatment procedures used. The most likely factor could be the effect of preaging. 
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Shivkumar et al. (104) naturally aged their samples before the final artificial age. A closer 
examination of the Misra and Oswalt (105) heat treatment procedure also revealed a very 
high possibility of preaging having taken place, although this was not stated. Preaging 
produces a substantial increase in elongation with some decrease in ultimate and yield 
strengths (102,132). In the present study preaging was not practised. It should be noted that 
delayed aging (preaging) is not mentioned in any of the heat treatment specifications. 
6.5 SUMMARY 
The key to improving the overall quality and optimising the mechanical properties of 
aluminium castings lies in the ability to control the processing parameters. Almost all the 
steps in processing investment cast aluminium alloys produce a variation in tensile 
properties. The processing conditions should be controlled to develop an optimal structure 
with good integrity, and this should result in superior properties. Therefore, controls are 
required over processing parameters which include: 
• Level of melt quality (inclusions and hydrogen content). 
• Extent of grain refining. 
• Level of modification achieved. 
• Solidification rate, i.e., the cooling rate of the casting. 
• Post -casting heat treatment of the cast product. 
The influence of these parameters on the tensile properties of investment cast LM25 alloy 
has been illustrated in the present work. Low melt hydrogen level and low shell 
temperature resulted in improved casting integrity. Superior mechanical properties were 
obtained in specimens cast in shells at ambient temperature, in which higher solidification 
rates existed. 
The cast structure was improved by grain refinement and modification using commercial 
master alloys. Grain refinement reduced the grain size and improved the macrostructure 
uniformity, whereas modification changed the eutectic Si morphology and positively 
affected the UTS and EL. Full heat treatment greatly enhanced the casting strength. The 
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best tensile properties were obtained through prolonged heat treatment, for both solution 
and aging treatments. 
Below is the set of processing variables and optimum tensile properties obtained in 
investment cast LM25 in the present work. 
Pouring Temperature: 
Shell Temperature: 
Melt Hydrogen content: 
Grain Refiner: 
Modifier: 
Solution time at 540°C: 
Quench medium: 
Aging time at 165°C: 
Ultimate Tensile Strength (UTS): 
0.2 % Proof Stress (PS): 
Elongation in 20 mm gauge length (EL): 
710°C 
Ambient (- 25°C) 
0.08 cc/100g Al 
Al-4.92%Ti-l %B (0.19% Ti in material) 
Al-IO.23%Sr (0.01 % Sr added) 
10 hours 
Water at 60°C 
14 hours 
319MPa 
291 MPa 
2% 
The properties are comparable to the chill cast values of separately cast test bars of LM25 
in TF (T6) condition (Appendix 2: Table A2.1). Clearly, present day practices for Al-Si-
Mg alloys, along with improved foundry practices and controlled heat treatment conditions, 
allow such improved tensile properties in investment castings that current published 
properties are not entirely suitable as a guide to foundrymen and designers (see Table A2.2 
for a guide of mechanical properties in aluminium alloys for investment casting). 
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7.1 CONCLUSIONS 
CHAPTER 7 
CONCLUSIONS 
The following conclusions can be drawn from the present work: 
7.1.1 Casting Integrity 
1. Shell preheat temperature and melt hydrogen content were found to be the most 
important process variables determining the total porosity content in LM25 
investment castings. Increasing the shell preheat temperature and melt hydrogen 
content increased the propensity for porosity formation. 
2. The pore size formed in LM25 investment castings was affected by a 
combination of three process variables, Le., pouring and shell preheat 
temperatures, and melt hydrogen content. The average pore size increased with 
decreasing cooling rate and with increasing melt hydrogen content. For a given 
hydrogen content, any combination of pouring and shell preheat temperatures 
which lowers the cooling rate favours the formation of large round pores, and at 
a given cooling rate (determined principally by the shell temperature), the pore 
size decreases with decreasing melt hydrogen content. 
3. To produce a sound investment casting requires a combination of low shell and 
pouring temperatures (high cooling rate) and low melt hydrogen content (about 
0.05 cc/lOOg AI). 
7.1.2 Casting Structure 
1. The most significant processing variables found to affect the cast structure of the 
investment cast LM25 are: 
• Shell preheat temperature (cooling rate). 
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• Amount of grain refiner used. 
• Amount of modifier added to the melt. 
• Heat treatment (prolonged solution treatment). 
2. Shell temperature has a major influence on the cooling rate and, hence, the 
microstructural refinement of the investment cast LM25. The grain size, dendrite 
arm spacing and eutectic phase were influenced by the imposed cooling rate. 
3. Increased titanium additions resulted in a decrease in grain size and a uniform 
macrostructure. Grain refinement was enhanced as the titanium content 
increased to 0.28%, with no further improvement at higher Ti level. The 
optimum grain refiner addition was not affected by the shell temperature. 
4. The cooling rate influenced the resultant grain size of the investment cast LM25 
even after 'grain refinement. The minimum grain size occurred in shells at 
ambient temperature in which cooling rates were high. 
5. A modified eutectic Si structure was achieved with 0.01 - 0.02% Sr. Optimum 
modification, based on the tensile property improvements, was attained at 0.01% 
Sr. The optimum Sr addition was not affected by the shell temperature. 
6. Increasing cooling rate increased the size of eutectic Si in the unmodified 
structure. When the structure was modified the cooling rate influence appeared 
to be insignificant. 
7. Filtration did not impair grain refinement or eutectic Si modification. 
8. There was no advantage or disadvantage observed from the combination of grain 
refinement using AI-4.92%Ti-l %B and modification using Al-1O.23%Sr. 
9. The solution treatment time has a significant effect on Si particle morphology. 
Prolonged solution treatment leads to spheroidisation and coarsening of the Si 
particles. 
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7.1.3 Tensile Properties 
1. The pore type affected the rate at which properties decreased with increasing 
porosity. Medium and coarse pores lead to high rates of property decline. 
2. The results indicated that the best overall as-cast tensile properties are attained 
when castings are processed under conditions conducive to very fine pore 
fonnation, i.e., low gas content, low shell and pouring temperatures. 
3. Shell preheat temperature has a significant effect on as-cast tensile properties of 
LM25 investment castings through its influence on cooling rate. The influence of 
cooling rates was evident for all melt treatments, i.e., no treatment, grain refined 
or modified. The maximum properties were achieved with the fastest cooling 
rate which was attained in shells at ambient temperature. 
4. The tensile properties were positively affected by the modification, especially 
elongation, which increased by 25, 50, and 33.3%, as compared to corresponding 
UTS improvements of 4.7, 2.8 and 6.2%, at ambient, 250°C and 500 °C shell 
temperatures, respectively. Proof stress was essentially unchanged. 
5. Grain refinement, acting singly or in combination with modification, had no 
effect on the tensile properties of investment cast lM25. The effect of 
modification on the tensile properties was not affected by grain refinement. 
6. Heat treatment affects the tensile properties more than does modification. Heat 
treatment of grain refined and modified investment cast LM25 castings produced 
a 81 % improvement in UTS and a massive 212% improvement in PS. This was 
significantly higher than the increases obtained with modification. 
7. The maximum strength values, i.e., UTS and PS, were obtained at the solution 
time which corresponded to full spheroidisation, with definite coarsening, of the 
eutectic Si particles. 
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8. To obtain optimum properties in investment cast LM25, a combination of high 
cooling rates, modification, grain refinement, degassing to about 0.05 cc/lOOg AI 
and full heat treatment for eutectic Si transformation is recommended. 
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CHAPTER 8 
FURTHER WORK 
8.1 SUGGESTIONS FOR FURTHER WORK 
The present work has shown that much is already known about controlling the investment 
casting process in order to meet customer demands. Undoubtedly, much work still remains 
to be done to understand the nature of aluminium investment castings and how to better 
optimise their advantages as high quality engineering materials. The following are 
suggested for future work: 
1. When the eutectic structure is subjected to a thermal treatment at elevated temperatures, 
the Si particles undergo changes. It has been shown that the as-cast microstructure has 
an influence on the response of the alloy to heat treatment (92). The coarseness and the 
modification of the eutectic Si are the two parameters to consider in heat treatment. The 
interrelation of modification and heat treatment should be evaluated in order to establish 
an appropriate processing route for optimum properties. 
2. The T6 temper allows increased strength with a corresponding loss in ductility. It has 
been demonstrated by other researchers (104,105) that heat treating for the secondary 
elongation peak would result in a better combination of tensile properties. The 
incorporation of preaging in the heat treatment procedure requires investigation to see if 
a secondary elongation peak could be achieved. 
3. The tensile properties obtained in the present study have been well above the quoted 
properties for investment casting (Appendix 2: Table A2.2). This shows that the current 
published properties are not entirely suitable as a guide to foundrymen and designers. 
Further work on determining the engineering properties should be carried out on 
aluminium investment castings. Of particular importance is the generation of properties 
incorporating improved foundry practices, e.g., modification. 
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4. The present work focused on the effect of processing variables on the structure and 
tensile properties of investment cast LM25. In general, the finest structure and 
maximum properties were obtained with the lowest shell temperature (ambient 
temperature). However, some casting problems may occur in the production of thin 
castings if the alloy is cast in shells at ambient temperature. In addition, to accomplish 
high fidelity of reproduction in conventional investment castings, hot shells are 
normally used. To assess if low shell temperatures could be used to cast thin castings 
and reproduce the finest detail in the ceramic mould, the effect of the process variables 
on the fluidity of investment cast LM25 should be investigated. Note that there is 
adequate literature available on fluidity of metals and alloys, but hardly any reported 
data is available on the fluidity of aluminium alloys poured in ceramic investment 
moulds. 
5. Heat treatment specimens used in the present study were produced with parameters set 
to obtain optimum tensile properties in the as-cast condition. The specimens were cast 
in shells at ambient temperature. In view of the preceding observation, it is important 
that specimens produced in shells at 250 and 500 °C should be used in heat treatment 
experiments to assess the improvement and level of tensile properties associated with 
castings produced in preheated moulds. 
6. Mathematical modelling of casting processes is a simple and cost effective technique for 
implementing process control and quality assurance in the cast house. Although only 
qualitative description of microstructure was carried out in the present study, it was 
clear that there are distinct microstructural trends which could be used to develop 
mathematical correlations of mechanical properties and microstructural parameters of 
investment cast aluminium alloys. Further work is required to carry out extensive 
quantitative metallographic measurements and develop relationships to link mechanical 
properties to microstructural parameters. 
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APPENDIX! 
HEAT TREATMENT OF ALUMINIUM ALLOYS 
TABLE Al.l 
Heat Treatment Designation for Casting AIIoysa 
UK EXPLANATION USA 
M As cast; As manufactured. F 
TS Thermally stress relieved, annealed. 0 
TB Solution heat treated and naturally aged to a substantial stable T4 
condition. 
TB7 Solution heat treated and stabilised. T7 
TE Artificially aged. T5 
TF Solution heat treated and artificially aged. T6 
TF7 Solution heat treated, artificially aged and stabilised. -
.. . . . 
a Data from Bntish and European AluminIUm Casting Alloys - Reference 29 
TABLEA1.2 
Heat Treatment Times and Temperatures for LM2sa 
Alloy TimeD Temperature TimeD Temperature 
condition (hours) (OC) Quenchc (hours) (oC) 
TE - - - 8 - 12 155 - 175 
TB7 4 -12 525 - 545 Hot water 2-4 250 
TF 4 -12 525 - 545 Hot water 8 - 12 155 - 175 
. . . 
a Data from Bntish and European AluminIUm Casting Alloys - Reference 29 
b Times given are at temperature and do not include time taken to reach temperature. 
c Hot water quench means water between 70 - 80 oc. 
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TABLEA1.3 
Typical Heat Treatment for 356.0 Aluminium Alloy Sand and Permanent Mould 
Castingsa 
TEMPER TYPE OF SOLUTION HEAT AGING 
CASTINGb TREATMENTC TREATMENT 
Tempd(oC) Time (h) Tempd (0C) 
T51 S orP 225 
T6 S 540 12 155 
P 540 4 - 12 155 
T7 S 540 12 205 
P 540 4 - 12 225 
T71 S 540 10 -12 245 
P 540 4 - 12 245 
a Data from Metals Handbook: Heat Treating Vol.4 - Reference 98 
b S, Sand and; P, Permanent Mould. 
c Solution Treating is followed by quenching in water at 65 to 100 0C. 
d Except where ranges are given, listed temperatures are ±6 0C. 
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Time (h) 
7-9 
3-5 
2-5 
3-5 
7-9 
3 
3-6 
APPENDIX 2 
PROPERTIES OF ALUMINIUM ALLOYS 
TABLEA2.1 
Typical Mechanical Properties for Separately Cast Test Bars of LM25a 
SANDCAST b I CHlLLCASTb 
Alloy 0.2% PS UTS Elongatio' 0.2% PS UTS Elongatio' 
condition (N/rrun2) (N/rrun2) (%) (N/rrun2) (N/rrun2) (%) 
M 80 - 100 130 - 150 2 80 -100 160 - 200 3 
TE 120 - 150 150 - 180 1 130 - 200 190 - 250 2 
TB7 80 - 110 160 2.5 90 - 110 230 5 
TF 200 - 250 230 -280 - 220 -260 280 - 320 2 
.. . 
a Data from Bntish and European AlumwlUm Casting Alloys - Reference 29 
b The values shown are typical ranges for sand and chill cast test bars produced to the 
requirement of B.S. 1490. Those in bold type are minimum specification values. 
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TABLEA2.2 
A SELECTION OF ALUMINIUM ALLOYS, WHICH ARE SUITABLE FOR INVESTMENT CASTING, WITH MECHANICAL PROPERTIES· A GUIDEa 
Mechanical 
Specification Chemical Composition % Comparable Specifications Properties 
UTS 0.2% PS 
Cn Mg Si Fe Mn Ni Zn USA USA N/mm2 N/mm2 
BS 1490 min max min max min max min max min max min max min max AA Commercial min min 
LMOM1 0.03 0.03 . 0.03 0.4 0.03 0.03 0.07 
LM5M 0.1 3.0 6.0 0.3 0.6 0.3 0.7 0.1 0.1 514.0 213 140 90 
LM6M 0.1 0.1 10.0 13.0 0.6 0.5 0.1 0.1 160 60 
LM IOTB 0.1 9.5 11.0 0.25 0.35 0.10 0.10 0.10 520.0 220 280 170 
LM 16 TB 1.0 1.5 0.4 0.6 4.5 5.5 0.6 0.5 0.25 0.1 355.0 355 170 120 
TP 355.0 355 230 220 
LM25M 356.0 356 130 80 
TE 0.1 0.200.6 6.5 7.5 0.5 0.3 0.1 0.1 356.0 356 150 120 
TB7 356.0 .356 160 80 
TP 356.0 356 230 200 
Aerospace Alloys 
L51 0.8 2.0 0.05 0.20 1.5 2.8 0.8 1.4 0.1 0.8 1.7 0.1 160 125 
L78 1.0 1.5 0.4 0.6 4.5 5.5 0.6 0.5 0.25 0.10 355.0 355 250 220 
L91 4.0 5.0 0.10 0.25 0.25 0.10 0.10 0.10 220 165 
L92 280 200 
L99 0.10 0.20 0.45 6.7 7.5 0.20 0.10 0.10 0.10 A356.0 A356 230 185 
L 1192 4.7 5.5 0.10 0.25 0.40 0.20 0.30 1.3 1.7 215 190 
L 169 0.10 0.500.70 6.5 7.5 0.20 0.10 0.05 0.10 A357 300 240 
a DATA FROM MILLS (43); Notes: 1. AI 99.5% min. 2. Also Zr 10/.30, Sb 101.30 
APPENDIX 3 
EXPERIMENTAL DATA 
TableA3.1 
Variations in the Average Porosity with Shell Temperature and Pouring Temperature 
for the Four Gas Levels Studied (Series I). 
Ambient 
Mould Temp. ~ -2S·e IOO·e 300·e soo·e 
Pouring Temp. Gas Porosity Gas Porosity Gas Porosity Gas Porosity 
! (cdIOOg) (% ) (cdIOOg) (%) (cdIOOg) (% ) (cdIOOg) (% ) 
0.06 0.3 0.06 0.6 0.03 0.5 0.03 1.4 
0.15 0.7 0.16 0.6 0.14 0.9 0.15 1.5 
680·e 0.25 0.7 0.22 0.8 0.24 1.3 0.22 1.8 
0.38 1.5 0.37 1.2 0.37 1.1 0.37 2.0 
0.06 0.2 0.06 0.6 0.03 0.5 0.03 1.4 
0.14 0.7 0.16 0.6 0.14 1.0 0.15 1.6 
710·e 0.24 1.2 0.22 0.8 0.24 1.3 0.22 1.9 
0.39 1.2 0.37 1.4 0.37 1.2 0.37 2.1 
0.Q2 1.0 0.06 0.6 0.03 0.8 0.03 1.5 
0.15 1.2 0.16 0.7 0.14 1.0 0.15 1.6 
740·e 0.23 1.1 0.22 0.8 0.24 1.3 0.22 1.9 
0.37 1.6 0.37 1.5 0.37 1.4 0.37 2.2 
0.06 0.2 0.06 0.7 0.03 0.9 0.03 1.5 
0.16 0.6 0.16 0.8 0.14 1.2 0.15 1.7 
770·e 0.27 1.3 0.22 1.0 0.24 1.4 0.22 1.9 
0.37 1.6 0.37 1.6 0.37 1.6 0.37 2.2 
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TableA3.2 
Variations in the Average Pore Size with Shell Temperature and Pouring Temperature 
for the Four Gas Levels Studied (Series I). 
Ambient 
Mould Temp. --+ -2S·C lOO·C 300·C SOO·C 
Pouring Temp. Gas Pore Gas Pore Gas Pore Gas Pore 
! (cc/lOOg) Size' (cC/lOOg) Size' (cC/lOOg) Size' (cC/lOOg) Size' 
0.06 (a) 0.06 (a) 0.03 (a) 0.03 (c) 
0.15 (a) 0.16 (a) 0.14 (c) 0.15 (d) 
680·C 0.25 (c) 0.22 (b) 0.24 (d) 0.22 (d) 
0.38 (b) 0.37 (c) 0.37 (d) 0.37 (d) 
0.06 (b) 0.06 (b) 0.03 (b) 0.03 (d) 
0.14 (a) 0.16 (c) 0.14 (c) 0.15 (d) 
710·C 0.24 (c) 0.22 (b) 0.24 (d) 0.22 (d) 
0.39 (c) 0.37 (c) 0.37 (d) 0.37 (d) 
0.02 (c) 0.06 (b) 0.03 (c) 0.03 (d) 
0.15 (c) 0.16 (c) 0.14 (d) 0.15 (d) 
740·C 0.23 (c) 0.22 (b) 0.24 (d) 0.22 (d) 
0.37 (c) 0.37 (d) 0.37 (d) 0.37 (d) 
0.06 (b) 0.06 (b) 0.03 (c) 0.03 (d) 
0.16 (c) 0.16 (b) 0.14 (c) 0.15 (d) 
770·C 0.27 (c) 0.22 (c) 0.24 (c) 0.22 (d) 
0.37 (c) 0.37 (c) 0.37 (d) 0.37 (d) 
1 Pore SIze refers to the ClassificatIon In FIg. 5.9. 
TableA3.3 
Dendrite Arm Spacing Values (Series I) 
Ambient 
Mould Temp. --+ -2S·C lOO·C 300·C SOO·C 
Pouring Temp. Ilmldendrite arm Ilmldendrite arm Ilmldendrite arm Ilmldendrite arm 
! 
680·C 38 50 54 66 
710·C 37 50 53 67 
740·C 42 49 53 65 
770·C 40 51 55 67 
161 
TableA3.4 
Variations in the Average Tensile Properties with Shell Temperature and Pouring Temperature 
for the Four Gas Levels Studied (Series I). 
Ambient 
Mould Temp. ~ -2S·C 
Pouring Temp. Pore,UTS,PS,E1 
! (%. N/mm'. N/mm'. %) 
0.3, 159,98,3 
0.7, 159, 102.3 
680·C 0.7, 163, 101,2 
1.5, 150, 98, 2 
0.2, 163, 105,3 
0.7,170,99,4 
710·C 1.2, 159,97,3 
1.2, 161, 100,3 
1.0, 150, lOO, 2 
1.2, 163,99,3 
740·C 1.1,159, 100,3 
1.6, 157, lOO, 2 
0.2, 160, 106,3 
0.6, 152, 100, 3 
770·C 1.3, 160,96,3 
1.6, 160,96,4 
* All specImens had mcluslOns 
Pore· Percentage Porosity Content 
UTS . Ultimate Tensile Stress 
PS· 0.2% Proof Stress 
lOO·C 
Pore,UTS,PS,E1 
(%. N/mml, N/mm2, %) 
0.6, 153, 102,3 
0.6, 161, lOO, 4 
0.8, 143,98,2 * 
1.2, 164, 99, 4 
0.6, 159,99,4 
0.6, 165,99,4 
0.8, 160, 102,4 
lA, 158,98,4 
0.6, 153, 97, 4 
0.7, 143,96,2 * 
0.8, 168, 105,4 
1.5, 156,99,4 
0.7,156,105,4 
0.8, 157,99,4 
1.0, 154, 104,4 
1.6, 146, 101, 3 
EL • Percentage Elongation in 20 mm Gauge Length 
TableA3.5 
300·C SOO·C 
Pore,UTS,PS,E1 Pore,UTS,PS,E1 
(%. N/mm'. N/mm'. %) (%. N/mm'. N/mm'. %) 
0.5, 154, 96, 3 lA, 150,94, 3 
0.9, 149,95,3 1.5,147,97,2 
1.3, 140,97,3 1.8, 139, 94, 2 
1.1, 133,98,2 2.0, 140, 89, 2 
0.5, 153,96,3 lA, 147,95,2 
1.0, 148,95,3 1.6, 147,98,2 
1.3,141,96,3 1.9,143,95,2 
1.2, 143,99,2 2.1,137,88,2 
0.8, 148,98,3 1.5, 147, 96, 2 
1.0, 146,94,3 1.6, 146,96,2 
1.3, 139,89,2 1.9, 139,92,2 
1.4,136,95,2 2.2, 140, 89, 2 
0.9, 149,95,3 1.5, 144,98,2 
1.2, 146,91,3 1.7, 149,94,2 
104,137,95,2 1.9, 141,93,2 
1.6, 134, 96, 2 2.2, 141,93,2 
Dendrite Arm Spacing of Investment Cast LM25 Test Bars (Series 11) 
Ambient 
Mould Temp. ~ -2S·C 2S0·C SOO·C 
Pouring Temp. l1m1dendrite arm l1m1dendrite arm l1m1denedrite arm 
! 
680·C 37 51 61 
7l0·C 40 50 60 
740·C 38 52 62 
770·C 40 52 65 
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TableA3.6 
Variations in the Average Tensile Properties with Shell Temperature and 
Pouring Temperature for Filtered Specimens (Series IT). 
Ambient 
Mould Temp. ~ -2S·C 2S0·C SOO·C 
Pouring Temp. UTS, PS, El UTS, PS, El UTS, PS, El 
,J, (N/mm', N/mm', %) (N/mm', N/mm', %) (N/mm2• N/mm2, %) 
680·C 168, 97, 4 148, 88, 3.5 137, 91, 2 
710·C 160, 98, 3.5 142, 89, 3 136, 92, 2 
740·C 156, 92, 4 145, 91, 3 140, 92, 2 
770·C 158, 91, 3.5 146, 88, 3 135, 94, 2 
TableA3.7 
Variations in the Average Tensile Properties with Shell Temperature and 
Pouring Temperature for Unfiltered Specimens (Series 11). 
Ambient 
Mould Temp. ~ -2S·C 
Pouring Temp. UTS, PS, El 
,J, (N/mm', N/mm', %) 
680·C 162, 96, 4 
710·C 158, 94, 3 
740·C 161, 93, 4 
770·C 156, 93, 3.5 
UTS - UltImate TensIle Stress 
PS - 0.2% Proof Stress 
2S0·C 
UTS, PS, El 
(N/mm2, N/mm2, %) 
148, 93, 3 
142, 89, 3 
148, 92, 3 
139, 94, 2.5 
EL - Percentage Elongation in 20 mm Gauge Length 
163 
SOO·C 
UTS, PS, El 
(N/mm', N/mm', %) 
137, 93, 2 
139, 94, 2 
139, 93, 2 
140, 97, 2 
TableA3.8 
Variations in the Average Lineal Density with Shell Temperature and 
Titanium Content (Series Ill). 
Ambient 
Shell Temp. ~ -2S"C 2S0"C SOO"C 
Ti Content (%). NL NL NL 
.\. (Intercepts! mm) (Intercepts! mm) (Intercepts! mm) 
0.10 0.04 0.03 0.02 
0.19 0.18 0.16 0.12 
0.28 0.22 0.19 0.12 
0.37 0.20 0.18 0.11 
TableA3.9 
Variations in the Average Tensile Properties with Shell Temperature and 
Titanium Content for Filtered Specimens (Series Ill). 
Ambient 
Shell Temp. ~ -2S"C 
Ti Content (% ). UTS, PS, El 
.\. (N/mm', N/mm', %) 
0.10 169, 97, 4 
0.19 166, 97, 4 
0.28 162, 97, 3.5 
0.37 165, 95, 4 
UTS - UltImate TensIle Stress 
PS - 0.2% Proof Stress 
2S0"C 
UTS, PS, El 
(N/mm', N/mm', %) 
155, 92, 3 
148, 91, 3 
153, 92, 3 
151, 88, 3 
EL - Percentage Elongation in 20 mm Gauge Length 
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SOO"C 
UTS, PS, El 
(N/mm', N/mm', %) 
146, 92, 3 
147, 96, 3 
145, 96, 3 
145, 95, 2.5 
Table A3.10 
Variations in the Average Tensile Properties with Shell Temperature and 
Titanium Content for Unfiltered Specimens (Series Ill). 
Ambient 
Shell Temp. ~ -2S·C 2S0·C 
Ti Content (% ). UTS, PS, El UTS, PS, El 
J, (Nlmm', Nlmm', %) (Nlmm', Nlmm', %) 
0.10 154, 96, 3 159, 94, 3 
0.19 160, 99, 3 150, 94, 3 
0.28 156, 96, 4 150, 97, 3 
0_37 145, 98, 2.5 131, 96, 2.5 
UTS - Ultimate Tensile Stress; PS - 0.2% Proof Stress; 
EL - Percentage Elongation in 20 mm Gauge Length. 
TableA3.11 
SOO·C 
UTS, PS, El 
(N/mm2, N/mm2, %) 
147, 93, 3 
147, 101, 3 
149, 98, 3 
153, 98, 3 
Variations in the Average Tensile Properties with Shell Temperature and 
Strontium Content for Filtered Specimens (Series Ill). 
Ambient 
Shell Temp. ~ -2S·C 2S0·C 
Sr Added (%). UTS, PS, El UTS, PS, El 
J, (N/mm2, N/mm2, %) (Nlmm', Nlmm', %) 
0 169, 97, 4 155, 92, 3 
0.005 158, 86, 4 143, 90, 3 
0-01 177, 95, 5 159, 89, 4.5 
0.015 171, 96, 4.5 157, 92, 4 
0.02 156, 97, 4 145, 91, 3.5 
UTS - Ultimate TenSIle Stress; PS - 0.2% Proof Stress; 
EL - Percentage Elongation in 20 mm Gauge Length. 
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SOO·C 
UTS, PS, El 
(Nlmm', Nlmm'. %) 
146, 92, 3 
142, 96, 2.5 
155, 91, 4 
154, 94, 4 
143, 95, 3 
TableA3.12 
Variations in the Average Tensile Properties with Shell Temperature and 
Strontium Content for Unfiltered Specimens (Series Ill). 
Ambient 
Shell Temp. ~ -2S·C 2S0·C 
Sr Added (%). UTS, PS, El UTS, PS, El 
! (N/mm', N/mm', %) (N/mm', N/mm', %) 
0 154, 96, 3 154, 94, 3 
O.OOS 147, 87, 3.5 153, 92, 3.5 
0.01 160, 95, 4 159, 92, 4 
0.015 141, 93, 2.5 154, 94, 4 
0,02 156, 97, 4 150, 90, 4 
UTS - Ultimate Tensile Stress; PS - 0.2% Proof Stress; 
EL - Percentage Elongation in 20 mm Gauge Length. 
TableA3.13 
SOO·C 
UTS, PS, El 
(N/mm', N/mm', %) 
147, 93, 3 
143, 91, 3 
155, 94, 3.5 
154, 92, 3.5 
138, 92, 3 
Variations in the Average Porosity with Shell Temperature and 
Melt Treatment (Series Ill). 
Ambient 
Mould Temp. ~ -2S·C 100·C SOO·C 
Melt Treatment Gas Porosity Gas Porosity Gas Porosity 
! (cC/I00g) (% ) (cC/I00g) (% ) (cC/I00g) (% ) 
0.01 % Sr+ 0.19% Ti 0.08 0.4 0.08 0.6 0.08 0.6 
0.01 % Sr + 0.28 Ti 0.06 0.7 0.06 0.9 0.06 1.0 
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TableA3.14 
Variations in the Average Tensile Properties with Shell Temperature and 
Melt Treatment (Series Ill) . 
Ambient 
Sbell Temp. ~ -2S'C 250'C SOO'C 
Melt Treatment. 
UTS, PS, El UTS, PS, El UTS, PS, El 
! (N/mm2, N/mm2, %) (N/mm', N/mm', %) (N/mm', N/mm', %) 
0.01 % Sr + 0.19% Ti 177, 96, 5 156, 96, 4.5 153, 98, 3 
0.01 % Sr + 0.28% Ti 173, 98, 5 153, 89, 4.5 151, 93, 3.5 
UTS - Ulllmate TensIle Stress; PS - 0.2% Proof Stress; 
EL - Percentage Elongation in 20 mm Gauge Length. 
Table A3.15 
Average Tensile Properties of Grain Refined and Modified Investment Cast LM25 for Various 
Solution and Aging Times in T6 Heat Treatment Cycle (Series IV). 
AgingTime~ Sbours 
(at 165 'c) 
Solution Time UTS,PS,EI 
(at S40 'c) (N/mm', N/mm', %) 
! 
0 176,93,5 
(as-cast) (No Aging) 
2 hours 277,256, 1.5 
6 hours 271,251, 1.5 
10 hours 293,259,2 
UTS - Ulllmate TensIle Stress 
PS - 0.2% Proof Stress 
10 hours 
UTS,PS,EI 
(N/mm', N/mm', %) 
271,250,1.5 
277,255,1.5 
314,282,2 
EL - Percentage Elongation in 20 mm Gauge Length 
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12 hours 14 hours 
UTS,PS,EI UTS,PS,EI 
(N/mm', N/mm', %) (N/mm', N/mm', %) 
266, 252, 1.5 288, 267, 1.5 
282, 266, 1.5 275, 255, 1.5 
300,274,2 319,291,2 

